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occurring during the initial post trauma period was not found to be related
to spleneztomy.

A heterogeneity in the requirements for immunoglobulin and the alternative
and classical complement pathways for phagocytosis and intracellular killing
of clinical isolates of E, coli, P, mirabilis, K. pneumoniae, and S, marcescens
by human PMNs was demonstrated, Strains isolated from burned patients did not
demonstrate a unique pattern of opsonic requirements, in comparison to the
same species isolated from other sources, The primary role of immunoglobulin
in the opsonic process was shown to be for steps other than complement acti-
vation,

Purified lipid A and LPS were shown to activate terminal complement
components in normal human or guinea pig sera equally efficiently, Other heat-
stable components on the bacterial cell surface also appeared to be involved
in complement activation., LPS was shown to activate the alternative and
classical complement pathways, whereas lipid A activated only the classical
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Immunoglobulin as well as components of the alternative complement
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the Bacteroides strains, and therefore must be required for other steps in the
opsonic process., Encapsulated and non-encapsulated strains of Bacteroides
interacted identically with PNHS and ‘PMNs in vitro, suggesting that capsular
polysaccharide was not a determining factor in host defense against these
microorganisms. Although the lipopolysaccharide of B, fragilis was shown
to be capable of activating the classical as well as the alternative complement
pathway, protein or some other heat-labile component on the surface of
Bacteroides appeared to be equally if not more important in initiating
complement activation,

Strains of C, albicans isolated from normal human flora were shown to
be phagocytosed and killed intracellularly by human PMNs in the presence of
pooled normal human serum, whereas strains isolated from burned patients or
medical patients were resistant to the bactericidal activity of the PMNs,
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FOREWORD

In conducting the research described in this report, the investigators
adhered to the "Guide for Laboratory Animal Facilities and Care,' as
promulgated by the Committee on the Guide for Laboratory Animal, Resources,
National Academy of Sciences - National Research Council,
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ABSTRACT

Reduction in C3 conversion in patients with severe thermal injury
was shown to be caused by a deficiency of proteins required for alternative
complement pathway activation, rather than to an inhibitor of C3 conversion,
No correlation was demonstrated between this humoral abnormality and the
occurrence, duration, or outcome of septicemia, Consumption of the classical
complement pathway occurred preferentially prior to and during septicemia in
thermally injured patients, Reduction in classical pathway activity was not
demonstrated in non-septic burned patients, suggesting that this humoral abnor-
mality was predictive of septic episodes, Alternative pathway consumption
occurred infrequently during septicemia and appeared to result from generation
of C3b via consumption of the classical pathway, Consumption of components
of the alternative and/or classical complement pathway did not decrease the
opsonic capacity of the patients' sera for their own infecting microorganisms.

Multiple abnormalities of the classical and alternative complement
pathways, immunoglobulins, and opsonins were shown to occur following
abdominal trauma, some of which persisted after the first week post trauma,
The humoral abnormalities in the trauma patients were not related to surgical
procedures or to fluid imbalances, Patients who subsequently developed
microbial infections were the only patients who had decreased classical
pathway activity that appeared to result from consumption of components,
Reduction in IgM occurring during the initial post trauma period was not found
to be related to splenectomy,

A heterogeneity in the requirements for immunoglobulin and the alternative
and classical complement pathways for phagocytosis and intracellular killing
of clinical isolates of E, coli, P, mirabilis, K, pneumoniae, and S, marcescens
by human PMNs was demonstrated, Strains isolated from burned patients did not
demonstrate a unique pattern of opsonic requirements, in comparison to the
same species isolated from other sources, The primary role of immunoglobulin
in the opsonic process was shown to be for steps other than complement acti-
vation,

Purified lipid A and LPS were shown to activate terminal complement
components in normal human or guinea pig sera equally efficiently, Other heat-
stable components on the bacterial cell surface also appeared to be involved
in complement activation, LPS was shown to activate the alternative and
classical complement pathways, whereas lipid A activated only the classical
pathway,

Immunoglobulin as well as components of the alternative complement
pathway were shown to be required for phagocytosis and intracellular killing
of B, fragilis and B, thetaiotaomicron by human PMNs, Neither IgG nor LgM acted
alone to promote phagocytosis and intracellular killing of the Pacteroides
strains by PMNs in the presence of complement., IgA did not participate in
phagocytosis and intracellular killing of the Bacteroides strains, Immuno-
globulin was not shown to be required for alternative pathway activation by the
Bacteroides strains, and therefore must be required for other steps in the
opsonic process, Encapsulated and non-encapsulated strains of Bacteroides
interacted identically with PNHS and PMNs in vitro, suggesting that capsular
polysaccharide was not a determining factor in host defense against these
microorganisms., Although the lipopolysaccharide of B, fragilis was shown
to be capable of activating the classical as well as the alternative complement
pathway, protein or some other heat-labile component on the surface of
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Bacteroides appeared to be equally if not more important in initiating
complement activation,

Strains of C, albicans isolated from normal human flora were shown to
be phagocytosed and killed intracellularly by human PMNs in the presence of
pooled normal human serum, whereas strains isolated from burned patients or
medical patients were resistant to the bactericidal activity of the PMNs.
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I. INTRODUCTION

A primary cause of morbidity and mortality in military personncl
who have sustained burns, gunshot and high explosive wounds, or crush
injuries is microbial infection (1,2)., The widesprcad prophylactic
use of antibiotics has not only failed to decrease the incidence of
infection, particularly in the burned patient, but has also contributed
to the complexity of the problem through the development of infections
caused by antibiotic resistant microorganisms, In our medical center,
Pseudomonas aeruginosa, Proteus, Escherichia coli, Staphylococcus aurecus,
and Candida albicans are the microorganisms which are most frequently
associated with septic complications in the thermally injured patient,
and Bacteroides fragilis has assumed a major role in the etiology
of peritonitis caused by penetrating abdominal injury, The increcased
incidence of recovery of penicillin resistant and more recently,
clindamycin resistant strains of B, fragilis (3) suggests that these
microorganisms may become one of the major infectious problems of the
future,

Management of surgical infections has classically involved antibiotic
therapy and the meticulous care of the surgical wound, However, in
addition to these therapeutic modalities, attention has recently been
focused upon defining abnormalities of host defense mechanisms which
may predispose the injured patient to microbial infection. Studies
of alterations of host defense mechanisms in surgical patients have
predominantly been carried out in patients with severe thermal injury.
The data obtained from these investigations have provided evidence to
suggest that neutrophil anti-staphylococcal activity (4), phagocytic
function of the reticuloendothelial system (5), cell-mediated immunity
(6), serum opsonins (7-9), levels of immunoglobulins (10-14), and
classical (9,15) and alternative (8,9) complement components are
reduced following burn trauma,

The investigation described in this report was undertaken to
determine the cause and significance of the various alterations of
complement in burned patients, 1In addition, studies were initiated
to determine the occurrence, duration, and significance of the humoral
abnormalities in patients with non-burn trauma which we have recently
documented, Experiments were also conducted to provide basic infor-
mation to increase our understanding of the humoral host defense
mechanisms which are operative against the opportunist microorganisms
which cause serious infections in injured patients,




II. BACKGROUND

A. Changes in Humoral Components of Host Defense in Patients
Following Burn Injury

1, Studics to determine the association between changes in
serum factors and septicemia in burned patients

In our previous studies, reduction in the immunochemical
levels and functional activities of components of the classical and
alternative complement pathways was associated with septicemia in two
burned patients (9). Reduction in the classical complement pathway
occurred during the first 10 days postburn in an infant who developed
septicemia with S, aureus on the third postburn day which persisted
through the sixth day, Reduction in both the classical and alternative
complement pathways was also observed in a 39 year old female who had
multiple episodes of Psecudomonas septicemia and candidemia during her
clinical course and who died of septic shock, The investigation to
be described was undertaken to determine if these preliminary data
could be substantiated and to determine if complement consumption
reduced the opsonic capacity of the patient's serum for his own infec-
ting microorganism (16).

Fifteen patients with severe thermal injury were followed for up
to 9 weeks postburn, Patients who appeared to be at the greatest
possible risk of infection because of burn size or age or both were
selected for the study, Serum samples were obtained from the patients
as soon after the injury as possible and then at weekly intervals,

In those patients who developed septicemia, serum samples were also
obtained two additional times per week until blood cultures became
negative, Blood cultures were drawn on all patients at least one
time per week by our staff and additional blood cultures were drawn
at the discretion of the attending physicians., This procedure was
adopted for the purpose of documenting negative as well as positive
cultures obtained on the patients, Septicemia was documented by
clinical findings and positive blood cultures. The clinical criteria
used for the diagnosis of septicemia were (a) chills and fever, (b)
tachycardia, (c¢) hypotension, and (d) disorientation.

Five of the fifteen patients had one or more positive blood
culturesand clinical signs of septicemia during their clinical course,
The data indicated that consumption of the classical complement
pathway was associated with and was probably caused by septicemia
in the thermally injured patients, 1In three of five septic burned
patients, decrease in the functional activity and immunochemical
levels of components of the classical complement pathway occurred
prior to and during septic episodes, Both of the other two patients
also had decreased classical pathway activity prior to the development
of septicemia., In one of the patients, classical pathway activity
was decreased during the first septic episode, but not during
the second episode, In the other patient, classical pathway activity
was decreased during the second septic period but not for the duration
of the first episode, The results obtained in the patients can prob-
ably be at least partially attributed to the administration of
blood products, The later patient received whole blood and
single donor plasma during the first but not the second septic epi-
sode, The other patient whose classical pathway activity was reduced
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during the first but not the second septic episode, received
equivalent amounts of single donor plasma per day during the two
time intervals but twice the amount of whole blood per day during
the second septic episode,

One of the patients in our study, who was bacteremic, served
as an excellent control for determining the relationship between
changes in complement and septicemia. No changes in the classical
or alternative complement pathways occurred prior to or on the day
that this patient's blood culture was positive and no clinical
signs of septicemia were documented., An early reduction in
classical pathway activity was demonstrated in all of the septic
patients during the initial postburn period, suggesting that this
humoral abnormality may be predictive of a septic episode and may
possible predispose the patient to infection, Our results tend
to rule out the possibility that the initial reduction in classical
pathway activation occurring during the first week postburn resulted
from infection, since blood cultures were consistently negative
in all but one of the patients during this time,

The classical pathway appeared to be activated preferentially
in the burned patients during septic episodes. Although C3 conversion
by inulin was often reduced during septic episodes, levels of factor
B were generally normal or elevated, Since it is well known that
factor B is consumed during alternative pathway activation, the results
suggested that C3 conversion via the alternative pathway was reduced
in the burned patients due to inhibition rather than to activation
and thus consumption of alternative pathway components., Inhibition
of alternative pathway activation or blocking of activation due to
a deficiency of an alternative pathway component would provide an
explanation for the observed preferential activation of the classical
pathway. Further studies regarding evidence for presence of a
circulating inhibitor of C3 conversion via the alternative pathway in
burned patients is presented in the next section of this report.
This topic is also discussed in section Cl of this report dealing
with preferential utilization of the classical pathway in burn sera
during opsonization of E. coli 075,

In only one patient did consumption of components of the
classical complement pathway occurring during septicemia decrease the
opsonic capacity of the patient's sera for her own infecting microor-
ganism, an isolate of E, coli; sera from the same patient which could
not opsonize E, coli, opsonized her infecting strain of S, aureus
normally, The microorganisms which were isolated from the other septic
burned patients and used to test the opsonic capacity of the patients'
sera were also, with one exception, strains of Staphylococci, Since
there is evidence that S, aureus can be opsonized by normal IgG in
the absence of complement (17,18), the lack of demonstration of reduc-
tion in the opsonic capacity of the patients' sera for their infecting

strains of Staphylococci might be related to the lack of requirement
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for complement for opsonization of the strains, It will be very
important in futurc studies to determine if reduction in scerum
opsonic activity occurs for certain bacteria and not for others as
was observed in this group of septic patients,

It should be emphasized that the E, coli isolate as well as the
strains of Staphylococci and S, faecalis isolated from the burncd
patients were not susceptible to direct lysis by pooled normal scrum
in the absence of leukocytes or to phagocytosis and intracellular
killing by normal leukocytes in the absence of serum, In addition,
the concentration of serum and incubation periods used in the opsonic
assays were specific for each infecting microorganism., Concentruations
of the patients' sera were based on the minimal amount of pooled normal
human serum which was found to promote maximal intracellular killing
of the microorganism by normal lcukocytes during the shortest incubation
period.

Another interesting observation which was derived from this study
was that strains of C. albicans isolated from the burned patients werc
not phagocytosed and killed intracellularly by normal leukocytes in the
presence of five to ten times the concentration of normal human serum
required for phagocytosis of other microorganisms. Further studies will
be initiated to determine if the C, albicans strains isolated from the
burned patients are more resistant to opsonization by normal serum than
strains of C, albicans isolated from other sources and to determine the
human serum proteins required for opsonization of the C, albicans
strains,

Data from the burned patients who did not develop septicemia was
grouped according to burn size to enable comparisons Lo be made between
the present study group and previously studied patients (9)., The only
difference which was observed in the data from the groups of burned
patients in this study and our previously studied groups of patients with
similar burn sizes was in the results of the analyses of C3 conversion
by inulin in patients with the largest burn sizes, In the present study,
C3 conversion by inulin was markedly reduged initially and remained
reduced for the duration of the study., 1In the previous study, C3
conversion was not reduced until after the first ten days postburn.
However, in our original work demonstrating reduction in C3 conversion
in the sera of patients with severe thermal injury, C3 conversion in
the sera of some of the patients was reduced during the initial ten
day postburn period and in others it was not (8). The discrepancy in
the C3 conversion results remains to be explained, however it does not
appear to be related to burn size.

2. Studies to determine the mechanism of reduction in C3
conversion via the alternative pathway in burned patients

Our previous studies showed that conversion of C3 by
inulin in scra from severely burned patients was reduced after the first
10 days postburn and was normalized by the seventh week (8,9). The
occurrence and duration of the reduction in C3 conversion were found to
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be directly related to the severity of the burn injury, Reduction

in the C3 converting activity of the burn sera could not be fully

restored to normal by addition of 507 pooled normal human serum, providing
preliminary evidence that this complement abnormality was caused by an
inhibitor. An investigation was therefore undertaken to test directly

the hypothesis that reduction in C3 conversion by inulin in the burn

sera was caused by a circulating inhibitor.

The data did not exclude the possibility that reduction in 073
conversion by inulin in the burn sera was caused by a deficiency of
critical normal scerum proteins required for €3 conversion, However,
they provided preliminary support for the concept that this complement
abnormality was caused by an elevation of a normal regulatory protein,
The serum protein was present in the euglobulin fraction and appeared
to be present in greater concentration in burn sera than in normal sera,

The regulatory protein is probably not C3b inactivator (C3b INA)
which inactivates C3b thereby inhibiting the amplification loop of the
alternative pathway formed by the C3 convertases, C3b,B or C3b,B,P (19-21),
Quite recently a new regulatory protein, (IH, has been discovered (22,23).
fTH potentiates the inactivation of C3b by C3b INA and, in addition, directly
inhibits C3b and the activity of the alternative pathway convertases
C3b,B and C3b,B,P (24), The protein has been isolated from normal human
plasma and shown to be an asymmetric molecule with a molecular weight
of 300,000 daltons. The protein is a euglobulin which is distinct from
C3b INA. Our future studies will be directed toward determining if
reduction in C3 conversion in burn sera is caused by an clevation of
({IH or another as yet undescribed regulatory protein of the alternative
pathway or by a deficiency of a protein or proteins required for alter-
native pathway activation,

B. Changes in Humoral Components of Host Defense in Patients with
Non-Burn Trauma and in Septic Patients without Trauma

In our previous studies (8,9), and in the studies cited in
section A of this report, patients with burn injury were found to have
multiple alterations of complement and immunoglobulins, Some of the
humoral alterations were demonstrated in the burned patients during
septic episodes, whereas other alterations were clearly unassociated
with systemic bacterial or fungal infection. An investigation was
undertaken to determine if the changes in complement componeants and
immunoglobulins which were demonstrated in septic and non-septic burned
patients were unique to patients with burn injury or were also observed
in patients with non-burn trauma or in septic patients without trauma,
It was hoped that the information obtained from the investigation would
help to establish the etiology of the humoral alterations in the burned
patients and to provide new information regarding the integrity of host
defenses in patients with non-burn trauma,

Abnormalities of both the classical and alternative complement
pathways were found to occur immediately following severe blunt or
penetrating abdominal trauma (25), Conversion of C3 by CoVF which is
a functional measurement of the alternative pathway was reduced in the




sera of the trauma paticents, and decrease in the bevel of properdin
and KAF was also demonstrated in the trauma sera,  Cllog, a functional
measurement of the classical pathway, and the immunochemical level

of €5 were also decreased, Conversion of C3 by inulin and levels of
factor B,C1,C4,C2, and C3 were found to be normal in the patients'

sera,

It is unclear why C3 conversion by CoVE was reduced in the
trauma sera, whereas C3 conversion by inulin in the sera was normal,
C3 conversion by inulin requires factors B, D, initiating factor,
C3, and magnesium ions (19,21), and C3 conversion by CoVF requires
factors B, D, magnesium ions, and an additional cuglobulin termed
factor £ (26). 1t is possible that the sera from the trauma patient:
was deficient in factor F in addition to properdin and C3b IHA. Further
studies are required to determine the identity and significance of
deficient or abnormally functioning alternative pathway components
in the sera from trauma patients,

Reduction in €% in the trauma sera could have resulted from
decreased C3b INA,  C3b INA inactivates C3b which is required for
formation of the alternative pathway C5 convertase, C3b, 5P (19,20).
A decrease in C3b INA would cause an increase in C3b which through
formation of the €5 convertase would result in increased turnover of
C5. Activation of C95 leads to consumption of C6 to C9, and thercfore
these components are probably also reduced in the trauma sera,

A decrease in serum IgM was also observed in the trauma patients,
A concommitant reduction in serum [pM (27) and properdin (28) levels
has previously been demonstrated in splencctomized children,  Decrease
in IgM level in patients with sickle cell disease has correlated well
with splenic afunction as measured by spleen scanning (29), In
addition, children who undergo splenectomy for various hemolytic dis-
cases or for traumatic rupture of the spleen have decrcased IpgM levels,
supporting the concept that there is a correlation between splenic
mass and concentration of this immunoglobulin (30), The reduction in
IgM concentration does not appear to be the result of decreased splenic
[gM synthesis, since IgM synthesis could be adequately assumed by
other reticuloendothelial and lymphoid tissue, All of our patients
had splenic trauma and all of those that survived subsequently under-
went splenectomy,  Thus, the decrease in IgM concentration in the
sera of our patients may have been related to spleen damage, Our
future studics will be designed to determine the correlation between
spleen function and IgM level in the trauma patients in an attempt to
determine the mechanism of the reduction in the level of this immuno=
gplobulin, In addition, it will be of interest to determine the
relationship between splenic function and reduction in properdin, KAF,
and C5% in the trauma patients,

There have been virtually no investigations into the sequential

effect of trauma on humoral host defenses, In addition, there are
few studies that provide experimental evidence that trauma does indeed
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increase susceptipility to infection, Conolly et al, found
significantly more infections in rabbits injected subcutancously
with P. aeruginosa and subjected to mechanical trauma to the

thigh than control animals that did not rcceive this injury (31),
Cuthbertson et al, (32) subjected patients with bone fractures to
varying degrees of cold temperature, 20°C and 300C respectively,
Levels of IgG were the same in both groups, howcever some minor
fluctuations in IgM level were observed during ten days in the group
subjected to the lower temperature, The changes were not impressive,
since all variations were within the normal range,

Studies on the effects of wound trauma on humoral antibody
responses are also limited. Havens et al, (33) could detect no
reduction in the antibody response to diphtheria toxoid in shick-
negative wounded patients., Balch showed that the sccondary response
to tetanus toxoid was normal in trauma patients (34),

Trauma has been shown to depress clearance by the reticuloen-
dothelial system (35-40), phagocytosis by neutrophils (41,42), and
cell mediated immunity (43). These changes are of short duration
lasting during the first few days after trauma and are followed by
restoration of normal activity, The cause and significance of these
cellular abnormalities is unknown,

It is obvious from our pilot study demonstrating changes in
humoral components of host defense in trauma patients that further
comprehensive studies on larger numbers of patients are needed, It
will be important to determine the cause and significance of the
humoral abnormalities which occur following trauma and to determine
the duration of the abnormalities,

Our study did not identify any reduction in components of the
classical or alternative complement pathways in septic patients
without trauma, suggesting that complement consumption in the septic
burned patients was a result of synergism between the infection and
the trauma. McCabe (44) previously showed that C3 levels were
decreased in medical patients with septic shock, as compared to C3
levels in patients with uncomplicated bacteremia, The frequency of
occurrence of shock or fatal outcome paralleled the degree of lowering
of €3 levels in the patients. Fearon et al, (45) subsequently
demonstrated decreased immunochemical levels of factor B, properdin
and C3,C5,C6, and C9 in patients with septic shock in comparison to
those patients with uncomplicated bacteremia, sugpesting that consump-
tion of complement occurred via the alternative pathway., Mean levels
of classical components C1,C4, and C2 in the bacteremic patients in
whom shock subscquently developed did not differ from those in patients
with uncomplicated bacteremia,

Although none of our medical septic patients was hypotensive at
the time of serum sample collection, 4 of the 10 patients died of
septic shock on the following day, and no complement consumption was




demonstrated in these patients, In addition, consumption of
classical complement pathway was demonstrated in septic burned
patients who were not hypotensive and survived, These observations
suggested that classical complement pathway consumption associated
with septicemia is unique to the thermally injured patients,

C. Normal Human Serum Opsonins for Opportunist Microorganisms

1. Studies to determine the mechanisms of complement
activation and the role of immunoglobulin in opsonization
of E, coli 075 and other aerobic opportunist microorganisms

In our previous studies, the classical complement pathway
was shown to be utilized exclusively in burned patients during opsonization
of E, coli 075, Serum opsonic activity for E. coli 075 and classical
pathway activity were decreased concurrently in the burned patients during
the first week postburn, despite normal alternative pathway activity
as measured by C3 conversion by inulin, This observation led us to
initiate studies to answer two important questions related to the
definition of serum proteins required for opsonization of E, coli 075
and to alterations of these humoral factors in burned patients, The
questions were as follows: (1) Was the classical pathway utilized
in the burn sera during opsonization of E, coli 075 because the
alternative pathway could not be activated, or was the classical pathway
utilized preferentially?; (2) Why was the switch to an apparently
functional alternative pathway and thus normal opsonization not
possible, when classical pathway activity was decreased in the burn sera?

Our initial experimental studies to answer these questions were
directed toward determining if E. coli 075 was, in fact, capable of
activating the alternative complement pathway. The lipopolysaccharide
(LPS) portion of the cell wall of gram-negative bacilli, such as E. coli
075, is known to be responsible for its anticomplementary activity (46-48),
The moiety of the LPS which is responsible for complement activation is
controversial., There is some experimental evidence to indicate that it
is the lipid A moiety of the LPS which is responsible for this biological
activity (49,50). Because E, coli 075 might be unique in the mechanism
of complement activation it was capable of initiating, we also investi-
pated the ability of other representative gram-negative bacilli and a
gram-positive opportunist, S, aureus, to activate the alternative
complement pathway, In addition, we included S and R forms (Rb and Re)
of 5, minnesota containing varying amounts of the polysaccharide portion
of the LPS in an attempt to determine the moiety of the ccll wall which
was responsible for alternative pathway activation, §, minnesota S
form contains a complete LPS, the Rb mutant lacks the 0 antigen and
acetylglucosamine attached to the terminal glucose but contains the
rest of the basal core, and the Re mutant contains only KDO and lipid A,

The data obtained from our investigation suggested that the
classical pathway was utilized in the burn sera during opsonization
of E, coli 075 because alternative pathway proteins required for




opsonization of this microorganism were not functioning properly,

This conclusion was based on several picces of experimental cvidence

as follows: (a) Intact cells of E, coli 075 were found to be capable

of activating the alternative complement pathway. (b) Preliminary
experiments using S, minnesota cell wall mutants indicated that the
polysaccharide portion of the LPS was responsible for alternative path-
way activation, whereas the lipid A moicty was responsible for activa-
tion of the classical pathway. These results require confirmation
utilizing purified LPS and lipid A prepared from E. coli 075, However,
they suggested that microorganisms such as E, coli 075 with complete
polysaccharide regions in their cell walls would activate the alternative
pathway under normal conditions, since this region of the gram-ne-ative
cell wall is outermost, The lipid A moiecty is the innermost portion of
the lipopolysaccharide and is located directly next to the mucopeptide
layer of the cell wall, The classical pathway would therefore not be
activated unless the cell wall was altered in some manner as to exzpose
the lipid A or unless the alternative pathway was unable to be utilized,
(¢) Heat-stable immune I[gC antibodies to E, coli 0795 which would
normally trigger classical pathway activation were not demonstrated in
either normal or burn sera, In fact, the data suggested a minimal role,
if any, for immunoglobulin in opsonization of E, coli 075, These later
observations confirmed the results of Jasin who also demonstrat-d that
opsonization of E. coli 075 proceeded normally in immunoyplobulin depleted
human serum (17),

The tentative conclusion that alternative pathway proteins required for
opsonization of E, coli 075 were abnormal in the burn sera requires
confirmation by experimental studies, This possibility is extremely
interesting, however, in light of our previous observation that C3 con-
version by inulin in the burn sera was normal when E. coli opsonization
and classical pathway activity were reduced., Inulin is a recognized
activator of the alternative pathway, and all of the studies which are
currently available on the protein interactions of the alternative path-
way have utilized zymosan or inulin as the activating substance, Our
data would indicate that when bacteria, such as E. coli 075, are used as
the activating substances, the protein interactions involved in alterna-
tive pathway activation may differ from the protein interactions involved
when inulin is used as the activating substance, The sequence of
recognized protein interactions may be different or proteins in addition
to factors B, D, and initiating factor may be required to generate an
alternative pathway C3 convertase by the bacteria, These possibilities
emphasize the importance of future studics to determine the identity
and sequence of proteins required for opsonization of gram-negative
aerobes such as E, coli 075,

Our study also showed that gram-negative aerobic bacilli, in
addition to E. coli 075, were capable of activating the alternative
pathway., FEfficient alternative pathway activation was achieved utilizing
intact cells of P, aeruginosa, P, mirabilis, and S, minnesota S form,
5. aureus, a microorganism which frequently causes serious infections
in burned patients, was not found to be as efficient as the gram-negative
bacilli in activating the alternative pathway, although this microorganism
appeared highly active in initiating classical pathway activation,
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The data obtained in this investigation have also aided in the
interpretation of somc of our unexplained previous observations regarding
changes in humoral factors in burned patients, In this regard, inhi-
bition of formation of an alternative pathway C3 convertasc which we
have demonstrated in burned patients may be of critical importance to
the patient if classical pathway activity is decreased. Our results
suggest that each complement pathway should be able to compensate
for the other, if either is not functioning properly, If the alternative
pathway is unable to be activated due to an inhibitory factor and
classical pathway components arec consumed during septicemia, then opsoni-
zation of the patient's sera for his infecting microorganism should be
reduced if the organism requires complement activation for opsonization,
Our results presented in section Al of this report support this thesis,

Another interesting possibility which is supported by this investi-
gation is that there may be more than one way to activate the classical
pathway. It is well known that immune IgG antibacterial antibodies
can bind the Clq portion of Cl and thereby initiate the rest of the
classical sequence. Our results support the concept that classical
pathway activation can also occur in the absence of antibody, Loos et
al, (50) and Morrison and Kline (51) have provided evidence to suggest
that the lipid A region of the LPS molecule interacts directly with C1
to initiate classical pathway activation by a mechanism which does not
require antibody. Quite recently, Verhoeffet al. (52) had shown that

S. aureus 502A requires the classical pathway for optimal phagocytosis

by human leukocytes without the participation of immunoglobulin,

2. Studies to determine the requirement for
immunoglobulin and complement in opsonization of
B. fragilis and B, thetaiotaomicron

In our previous studies, methodology was developed for meas-
uring the in vitro interaction of human leukocytes and serum factors in
phagocytosis and intracellular killing of gram-negative non-sporulating
anaerobes (53). Strains of Bacteroides fragilis and Bacteroides
thetaiotaomicron were shown to be killed by human leukocytes in the

presence of pooled normal human serum, but not by either leukocytes or
serum alone. The investigation to be described was undertaken to define
the role of immunoglobulin and complement in phagocytosis and intracell-
ular killing of these anaerobic strains by leukocytes. All of the
experiments to be described were carried out under anaerobic conditions
as previously detailed (53).

Evidence was provided to indicate a requirement for immunoglobulin
and components of the alternative complement pathway in normal human
serum for opsonization of B, fragilis and B. thetaiotaomicron. This
represents a totally new observation, since there is currently no
literature available regarding the definition of serum proteins required
for opsonization of these gram-negative non-sporulating anaerobes,

The experimental data in support of this preliminary conclusion are
as follows: (a) Human sera depleted of immunoglobulin, C3, factors B
or D or terminal complement components C3 to C9 did not support phagocy~
tosis and intracellular killing of the microorganiswc by normal human
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leukocytes, (b) The opsonic activity of human scrum heated at 509C
for 30 minutes for the strains was restored to normal by highly
purified factor B, but not by human C2, the component of the classical
pathway which is labile at 500C, (¢) Properdin depleted human serum
supported normal phagocytosis of B, fragilis and only partially
supported phagocytosis of the B, thetaiotaomicron, suggesting partici-
pation but not an absolute requirement for properdin for opsonization
of the B, thetaiotaomicron, This observation is not surprising,

since C3 conversion and thus presumably opsonization can occur in the
absence of properdin., The function of properdin is to stabilize the
¢3 convertase, C3b,B formed by the feedback mechanism involving
factors B, D, and C3b (19, 20).

[n our investigation, immunoglobulin in addition to components
of the alternative complement pathway was found to be required for
opsonization of both Bacteroides strains, Available information
regarding the role of immunoglobulin in opsonization of microorganisms
is controversial, Antibody of the IgG class, in addition to components
of the alternative complement pathway, has been shown to participate
in opsonization of P, aeruginosa (54,55) and Streptococcus pneumoniac
(56)., In contrast, opsonization of strains of E, coli (17), S. epi-
dermidis, S, aureus, S, marcescens, S, viridans, and S, faecalis (57)
has been shown to proceed normally in hypogammaglobulinemic sera,

The question of the role of immunoglobulin in activation of the
alternative pathway is also unanswered, Available evidence indicates
that activation by inulin or zymosan occurs in the absence of immuno-
globulin (19). In addition, lysis of Trypanosoma cyclops (58) and
rabbit erythrocytes (59) by normal human serum has been shown to
require activation of the alternative pathway without an apparent
requirement for conventional antibodies. On the other hand, antibody
of the IgG class has been shown to participate in alternative pathway
mediated lysis of measles virus infected cells (60) as well as in
opsonization of bacteria as described above,

Since complement activation is required for opsonization of
bacteria, one of the most important questions in this research area
remaining to be answered is whether immunoglobulin is required directly
for activation of the alternative pathway or for binding of the bac-
terium to receptors on the leukocyte cell membrane surface, The
experimental design of our future studies will be focused on answering
this as yet unresolved issue,

The results of our investigation indicated that the human serum
proteins required for opsonization of B. fragilis and B, thetaiotao-
micron were similar if not identical. This finding raises the question
as to the importance of the polysaccharide capsule to the virulence of
B, fragilis. Kasper has suggested that the polysaccharide capsule
found almost exclusively on B, fragilis may act as an antiphagocytic
agent (61), Our results would tend to support the thesis that the
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antiphagocytic cell surface component is not unique to B, fragilis
and probably may not be the primary virulence factor of this micro-
organism, Alternatively, our strain of B, thetaiotaomicron may be
encapsulated although this possibility is considered unlikely, since
Kasper has only found one of the several strains of B, thetaiotaomicron
to be encapsulated, Our future studies will attempt to examine the
opsonic requirements for American type culture collection isolates of
B, fragilis and B. thetaiotaomicron used by other investigators, Of
additional importance will be to examine the interaction of human

serum and leukocytes with strains of B, vulgatus and B, distasonis,
since none of these Bacteroides strains has been shown to contaiun
capsular material,

1T, EXPERIMENTAL APPROACH

Studies in three related areas of research were proposed for this
application. FEach research area was to be pursued in greater depth than
in our previous proposals, Our primary area of research was to continue
to be the evaluation of changes in humoral components of host defense
following burn trauma, This area was to include a continuation of
studies to determine the effects of septicemia on complement activity
and opsonic function, and the mechanism and significance of reduction
in C3 conversion by inulin, In addition, comprehensive studies were
to be initiated to further evaluate the integrity of the alternative
complement pathway in the burned patients, since in our previous studies
only one parameter, C3 conversion by inulin, was used for determining
the functional activity of this pathway., The second research area
was to be focused on patients with types of trauma other than burn
injury., The research which was proposed was to include studies to
determine the identity, duration, and significance of changes in the
alternative and classical complement pathways in patients with abdominnl
trauma, and studies to determine if the changes in humoral factors
were unique to patients with abdominal trauma or were also observed in
patients with other types of nonburn trauma, The third area of
research to be pursued was to deal with humoral host defense mechanisms
against the opportunist microorganisms which cause serious microbial
infections in trauma patients, This area was to include a continuation
of studies to determine the requirements for immunoglobulin and com-
ponents of the alternative complement pathway for opsonization of
B, fragilis and B, thetaiotaomicon, and of studies to identify the
moieties of the cell wall of gram-negative aerobic and anaerobic
bacilli which are responsible for activation of the alternative and
classical complement pathways, In addition, studies were to be initi-
ated to determine the role of immunoglobulin in opsonization of these
microorganisms and the in vitro interaction of human serum and leuko-
cytes with nonencapsulated species of Bacteroides, Also, studies
were to be undertaken to compare the human serum opsonic requirements
for strains of C, albicans isolated from burned patients in comparison
to strains isolated from other sources,
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Fiftcen to 20 burned paticents who were at the greatest possible
risk of infection were to be selected for the study, Scra were to
be collected from the patients one time per week for 6 to 8 weeks
postburn, The alternative complement pathway was to be assessed by
measuring C3 and C5 conversion by inulin and cobra venom factor (CoVi),
functional activity of factors B and D and of the total alternative
pathway, and the immunochemical levels of native €3, factor B, C3b INA,
and properdin., Conversion of C3 in the burn sera by inulin and CoVF
was to be measured by a hemolytic method as well as by reduction in
the concentration of the B antigenic deteminant of C3. Comparisons
were to be made between C3 conversion by the activating substances
in burn sera treated with ECTA and supplemented with magnesium ions,
in which classical pathway activity is blocked, and in untreated
burn sera, Classical pathway activity was to be assessed by measuring
total hemolytic complement (CHgg) and immunochemical levels of Clgq,
C4, €2, €3, and C5, Septicemia was to be documented in the burned
patients by positive blood cultures and clinical findings. 1If a
patient developed septicemia, blood was to be drawn one or two
additional times per week until the infection was cleared, The hypo-
thesis that microbial infection perpetuates itsclf in the burned
patient by causing complement consumption which reduces the opsonic
capacity of the serum for the patient's infecting microorganisms was
to be tested directly. The ability of the patient's sera to promote
phagocvtosis and killing of his infecting microorganism by normal
human peripheral leukocytes was to be tested prior to and during
septicemia, and, if the patient survived, after recovery, If morec
than one microorganism was isolated from a septic patient, each
microorganism was to be tested separately as described above. Perti-
nent clinical information was to be recorded on each burned patient
by a research nurse on an appropriate flow sheet, The information
was to include the antibiotic regimen, culture data, clinical signs of
sepsis, administration of blood products, and surgical procedures, The
data was to be interpreted by Dr. S. Bjornson and Dr. Altemeier,

Experiments were to be performed to determine if reduction in
C3 conversion via the alternative pathway was caused by elevation of
a normal regulatory protein, by modification by burn injury of a normal
cuglobulin which did not under normal conditions regulate C3 conversion,
by an inhibitor present in the euglobulin fraction of the burn sera
produced as a result of burn injury, or by a deficiency of critical
normal serum proteins required for C3 conversion, Immunochemical levels
of BIH and C3b INA, regulatory proteins of the alternative pathway, and
C3 conversion by inulin and CoVF were to be measured in serial serum
samples obtained from ten burned patients. Conversion of C3 was to be
measured both hemolytically and by reduction in the B antigenic
determinant of C3 in EGTA treated magnesium supplemented burn sera
and in untreated burn sera as described above. Regression analyses
were then to be performed on the data to determine if a correlation
existed between reduction in C3 conversion and elevation of [IH or
C3b INA or when the two proteins were elevated simultaneously, 1In
addition, cuglobulin was to be prepared from both burn sera with
reduced C3 conversion and from pooled normal serum. The euglobulin
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fractions of the burn sera were to be added in increasing concentrations
to normal human scrum, and C3 conversion was to be measured and compared
to C3 conversion in normal serum supplemented with cuglobulin fractionated
from pooled normal human serum. The euglobulin preparations which
inhibited C3 conversion in normal serum were to be fractionated by QAE-
Sephadex A-50, BioRex 70, and preparative isoelectric focusing, Active
fractions were to be identified by their ability to inhibit C3 conversion
in normal serum as described above, The chromatographic procedures which
were to be selected for our study were to be used because comparisons
could then be made between the inhibitory activity in the burn sera and
the known inhibitors of C3 conversion in normal serum, i.e., [(IH and

C3b INA, since these procedures were used for the original separation

of BIH and C3b INA. Preparative isoclectric focusing was to be used as
the final purification step. If these procedures failed to isolate an
inhibitor of C3 conversion in the burn sera, then studies were to be
initiated to determine if reduction in C3 conversion in the burn scra

was caused by a deficiency of serum proteins, Pooled normal human scrum
was to be fractionated by ion exchange and molecular sieve chromatography,
and fractions were to be added to burn sera in an attempt to restore C3
conversion to normal,

The second area of research which was planned was a comprehensive
study to assess the alternative and classical complement pathways,
immunoglobulinsg, and serum opsonic activity in patients with nonburn
trauma, The study was to involve three patient groups, i,e,, patients
with blunt or penetrating abdominal trauma, patients without trauma who
had undergone appropriately matched abdominal surgical procedures, and
patients with head injuries without abdominal trauma, The middle group
of surgical patients without trauma were to serve as the control popula-
tion. Ten patients in each group were to be followed for three weeks
post admission. Serum samples were to be obtained as soon as the patients
were identified and then two times per week for three weeks or until the
patient was discharged if this occurred prior to three weeks, The alterna-
tive pathway was to be assessed by measuring C3 conversion by inulin
and CoVF, total alternative pathway activity and functional activities
of factors B and D, and immunochemical levels of native C3, factor B,
properdin and C3b INA, Classical pathway activity was to be assessed
by measuring CHgg and immunochemical levels of Clq, C4, C2, C3, and C5,
Immunoglobulins G, A, and M were also to be quantitated in the patients'
sera, since IgM was found to be markedly decreased initially following
abdominal trauma in our preliminary study. Opsonic activity of the
patients' sera for E, coli 075, S, aurcus 502A, and P, acruginosa 73044
were also to be determined, Opsonic activity of sera from our preliminary
study group of ten trauma patients which had decreased alternative and
classical pathway activity and decreased IgM were also to be measured
using the microorganisms described above., The experiments were to be
performed in an attempt to determine if the abnormalities decreased the
opsonic capacity of the sera for microorganisms which frequently cause
infections in trauma patients, Pertinent clinical information on the
new study patients was to be recorded by the research nurse who was also




to obtain the specimens on these groups of patients, Of particular
interest was to determine the association between humoral abnormali -
ties and the occurrence of microbial infection in the patients with
nonburn trauma and in the surgical patients without trauma,

The third area of research was to involve a continuation of
studies to increase our understanding of humoral host defense
mechanisms against the opportunist microorganisms which caus
serious infections in trauma paticnts, Experiments were to be
performed to provide further support for our previous preliminary
observation that both immunoglobulin and components of the alter-
native complement pathway were required for opsonization of B.
fragilis and B, thetaiotaomicron, Dose dependent restoration of
the opsonic activity of immunoglobulin depleted, factor B depleted,
and factor D depleted human sera were to be attempted using the
respective purified human protein. In addition, studies were to
be initiated to determine the normal human scrum requirements for
opsonization of B, distasonis and B, vulgatus., If it was demon-
strated that thesc strains have the same opsonic requirements as
B, fragilis and B, thetaiotaomicron, then a role for the capsule
in host defense would be minimized, since the B, distasonis and
B, vulgatus are nonencapsulated. Conversely, if it was shown that
these strains were susceptible to complement mediated lysis or to
phagocytosis and intracellular killing by leukocytes in the absence
of serum, then the concept of an antiphagocytic effect of the capsule
would have been strengthencd., An integral part of thesc experiments
was to be the demonstration of capsular material or lack of it on
the strains of Bacteroides used in our study., Our experiments werc
to include several strains of each species,

Studies were also initiated to determine the moieties of the
cell wall of gram-negative aerobic and anaerobic bacilli which
activate the classical and alternative pathways, since this infor-
mation would allow us to determine which pathway was activated
preferentially during opsonization of the microorganisms under normal
conditions, Lipid A and LPS were to be prepared from strains of
E, coli, P, mirabilis, and P, aeruginosa isolated from the blood
cultures of our burned patients, Lipid A and LPS were also to be
prepared from E, coli 075, P, aeruginosa 73044, P, mirabilis 7056,
and S, minnesota S form, In addition, Dr, Dennis Kasper (Harvard
Medical School, Boston, Mass,) agreed to provide us with purified
LPS, lipid, outer membrane protein and capsular polysaccharide from
B, fragilis, These purified preparations and washed heat-killed
bacterial cells from which they were derived were to be tested for
their ability to activate the classical and alternative pathways.
Classical and alternative pathway consumption were to be measured
by comparing the functional activities of Cl, C4, C2, C3, and C3
to C9 in human serum before and after incubation with each purified
preparation or bacterial cell suspension, Alternative pathway
activation was also to be measured by determining C3 to C9 consumption
by the bacteria in C4 deficient guineca pig scrum,
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Studies werce also to be performed to determine if immuno-

plobulin was required for opsonization of the bacterial strains by
normal human scerum because is was required for complement activation
or for some other stage in the opsonic process. In this regard,

there is no information currently available on the role of immuno-
globulin in activation of the alternative complement pathway by
bacteria, All of the available information on the role of immuno-
globulin in activation of this pathway has been carried out
utilizing zymosan or inulin as the activating substance, and a role
for immunoglobulin in activation of the alternative pathway has

not been demonstrated. The microorganisms which were to be used

for thesc¢ experiments were to be the clinical isolates of P, mirabilis,

E. coli, and P, aeruginosa described above, as well as a strain of
S. aureus isolated from the blood culture of a burned patient and
the B, fragilis and the B. thetaiotaomicron used in our previous
studies, The ability of hypogammaglobulinemia and normal sera to
promote phagocytosis of the microorganisms by normal human leuko-
cytes were to be compared, Those microorganisms which required more
than a small amount of immunoglobulin for opsonization would not

be phagocytosed in the presence of the hypogammaglobulinemic sera,
[n our previous studies, we have demonstrated that hypogamma-
globulinemic sera did not support opsonization of the Bacteroides
strains. We also have preliminary evidence to suggest that the sera
also did not support opsonization of the E, coli, P. mirabilis and
P. aeruginosa isolates, Washed cells of the test strains were to

be incubated with the hypogammaglobulinemic and normal sera, and

C3 to C9 consumption was to be measured. If the hypogammaglobu-
linemic sera could not support C3 to C9 consumption by the bacteria
or opsonization of the bacteria, this observation would indicate
that immunoglobulin was required for opsonization because it was
required for complement activation, If the hypogammaglobulinemic
sera supported normal C3 to C9 consumption by the bacteria but did
not support opsonization of the bacteria, this observation would
indicate that immunoglobulin was not required for complement activa-
tion but served some other function in the opsonic process,

Finally, experiments were to be conducted to determine if strains

of C, albicans isolated from burned patients were more resistant to
phagocytosis and intracellular killing by human lecukocytes than

C, albicans strains isolated from other sources. The ability of

increasing concentrations of pooled normal human serum to promote
intracellular killing of the strains by normal human leukocytes
was to be determined, The strains of C., albicans to be tested were
to include blood culture isolates from burned patients and isolates
from clinical specimens obtained from other patient populations,
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V. PROGRESS REPORT

A. Changes in Humoral Components of Host Defense in Patients Following Burn 1

Injury 4

l. Studies to determine the mechanism of reduction in C3 conversion in
burned patients

a. Results

Our previous studies showed that conversion of C3 by inulin in sera
from severely burned patients was reduced during the early acute burn phase and
was normalized by the seventh week (8,9,16).The occurrence and duration of the
reduction in C3 conversion were found to be directly related to the severity of
the burn injury. Mixture of equal parts of burn sera with reduced C3 conversion
and pooled normal human serum (PNHS) did not restore C3 conversion to normal.
These preliminary results suggested that reduction in C3 conversion in the burn
sera might be caused by a circulating inhibitor.

The hypothesis that reduction in C3 conversion in the burn sera was caused
by an inhibitor was tested experimentally (Annual Summary Report, June 1977).
Burn sera with normal or reduced C3 conversion were tested for their ability to
inhibit C3 conversion by inulin in PNHS. None of the burn sera with normal C3
conversion inhibited C3 conversion to any extent when added in increasing con-
centrations to PNHS. Several of the burn sera with reduced C3 conversion
inhibited C3 conversion when added to PNHS, whereas other burn sera with reduced
C3 conversion had no inhibitory activity. When the data were subjected to
statistical analysis, the differences which were observed between the burn sera
with reduced C3 conversion and those with normal C3 conversion were not found
to be significant. In addition, the values optained when equal parts of burn
sera and PNHS were added together were not considerably lower than those ob-
tained when a complement deficient normal serum (PNHS heated at 56°C for 30
minutes) was added to PNHS.

The inability to demonstrate statistically significant differences between
the inhibitory activities of burn sera with reduced versus normal C3 conversion
might have been related to the concentration of the inhibitor in sera with re-
duced C3 conversion. 1If the inhibitor was present in minimal amounts in the
sera, then fractionation of the sera and concentration of the fractions should
result in demonstration of inhibitory activity by one of the fractions. An
alternative explanation for the data was that reduction in C3 conversion in the
burn sera was caused by a deficiency of critical normal serum proteins required
for C3 conversion. To test the first hypothesis, pseudoglobulin and euglobulin
fractions of burn sera with reduced C3 conversion were added in increasing con-
centrations to PNHS, and C3 conversion by inulin was measured and compared to C3
conversion in PNHS supplemented with pseudoglobulin or euglobulin fractionated
from PNHS. Euglobulin fractions prepared from either burn sera or PNHS inhibited
C3 conversion by inulin when added to PNHS. However, the euglobulin fractionated
from the burn sera was more inhibitory than the euglobulin fractionated from
PNHS. Since recognized regulatory proteins of the alternative complement pathway
C3b inactivator (C3b INA) and BIH are known to be euglobulins (22) the results
described above provided preliminary support for the concept that reduction in C3
conversion in the burn sera might be caused by elevation of one or more of these
proteins.
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C3 conversion by inulin and immunochemical levels of C3b INA and ElH were
measured in multiple samples of sera obtained from eight different burned
patients. flH determinations on the sera were performed in the laboratory of
Dr. Shaun Ruddy, Medical College of Virginia, Richmond, Virginia. Clinical
characteristics of the burned patients from which the sera were obtained (/1
to 8) are presented in Table 1. Utilizing single regression analysis, no
correlation was demonstrated between C3b INA levels and C3 conversion by inulin
in the burn sera (Figure 1). A correlation was also not demonstrated between
g1H levels and C3 conversion by inulin in the burn sera (Figure 2). Multiple
regression analysis with y equal to C3 conversion by inulin and x equal to
B1H and C3b INA yielded an r value of 0.262 and a p value of 0.40. These
results indicated that a simultaneous elevation of BlH and C3b INA also did not
correlate with reduction in C3 conversion by inulin in the burn sera.

The results described above led us to hypothesize that the inhibitory ac-
tivity of the burn euglobulin was unrelated to the original C3 converting of
the burn sera from which it had been prepared, but could be explained by
elevation of regulatory proteins. If this hypothesis was correct, then the
inhibitory activity of euglobulin prepared from burn sera with normal C3 con-
version should be equivalent to the inhibitory activity of euglobulin prepared
from burn sera with reduced C3 conversion, providing C3b INA and PlH were
elevated in the sera. Sera from Patients 5, 6, and 8 with normal C3 conversion
and elevated levels of C3b INA and BlH were pooled, and each pooled serum was
fractionated into pseudoglobulin and euglobulin. Each pooled serum (2 ml) was
dialyzed against 0.008 M EDTA, pH 5.4, for 18 to 24 hours at 4°C. The euglobulin
was deposited by centrifugation, and the pseudoglobulin was removed. The eu-
globulin was washed three times with 0.008 M EDTA and redissolved in 0.5 ml of
0.01 M Tris-HC1l, pH 7.4, containing 0.3 M NaCl. The euglobulin and pseudoglobulin
fractions of the sera were then dialyzed against 0.01 M phosphate buffered saline
containing 5 x 104 M CaCly and 1.5 x 10-4 M MgCly. PNHS was fractionated into
pseudoglobulin and euglobulin fractions and dialyzed as described above for
fractionation of the burn sera. The procedures for preparation of the euglobulin
and pseudoglobulin fractions were identical to those used in our previous ex-
periments.

Unfractionated pooled burn sera and the pseudoglobulin and euglobulin frac-
tions of the pooled sera were added in increasing concentrations to PNHS, and
C3 conversion by 10 mg/ml of inulin was measured and compared to C3 conversion
in PNHS supplemented with pseudoglobulin or euglobulin fractionated from PNHS.
The euglobulin fractions of the pooled burn sera inhibited C3 conversion by
inulin in PNHS to a greater extent than the euglobulin fractionated from PNHS
(Figure 3). These results indicated that the ability of the burn euglobulin to
inhibit C3 conversion in PNHS was related to the concentration of regulatory
proteins in the sera from which it had been prepared, but not to the original C3
converting activity of the sera. In addition, the results refuted the hypothesis
that reduction in C3 conversion was caused by alteration by burn injury of a non-
regulatory euglobulin to a configuration with regulatory activity.

The results of our initial experiments indicated that the C3 conversion
values obtained when equal parts of burn sera with reduced C3 conversion and PNHS
were added together were not equal to the C3 conversion values obtained when
normal sera were added to PNHS. However, the C3 conversion values obtained when
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Table 1. Clinical Characteristics of Patients with Burn Injury

Body Surface ln)urt'dl’

Patient Total Third Degrec
No. Age Sexd y %
1 12 F 40 15
2 6 F 60 60
) 42 M 63 ]
4 9 F 49 15
9 13 F 83 62
(8 10 M 37 16
7 12 M 70 60
8 10 M 71 66
9 9 M 48 14
10 3 F 60 42
11 2] M 73 56
12 51 M 25 13
13 59 M 62 0
14 14 M 45 37
15 12 M 40 0
16 15 M 49 45
17 4 F 48 48
18 4 F 18 70
19 55 F 52 17
20 11 M 51 )
21 9 F 65 40
22 14 F 45 35
23 9 F 55 55
M = male; F = female.

bAl1l patients had flame burn injuries.
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eight burned patfents. The coefficient of linear correlation (r)
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Figure 2. Relationship between immunochemical levels of K1H and C3 conversion
by inulin in multiple sera obtained from eight burned patients. The
coefficient of linear correlation (r) was -0.258, and the p value
was 0.18. The points represent the mean values of duplicate deter-
minations.
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burn sera were added to PNHS were not significantly lower than those obtained
when a complement deficient serum was added to PNHS. This observation led us

to initiate a series of more extensive experiments on larger numbers of patients
to determine the cause of reduction in C3 conversion and the relationship be-
tween reduction in C3 conversion and septicemia in burned patients.

Conversion of C3 by inulin was measured during 62 davs postburn in the sera
of nine patients (#8 to 16) who had no evidence of sysiemic microbial infection
as documented by negative blood cultures (Figure 4). An additional population
of seven patients (#17 to 23) with septicemia as documented by positive blood
cultures and clinical findings was studied for 58 days postburn (Figure 5).
Refer to Table 1 for the clinical characteristics of the patients. The patients
fell into four groups as follows: (&) those with normal C3 conversion for the
duration of the study (Patients 15, 21, 23); (b) those with abnormal C3 conver-
sion for the entire study (Patients 10, 13); (c) those with normal C3 conversion
initially which became abnormal during the study period (Patients 8, 9, 11, 12,
14, 20), and (d) those with abnormal C3 conversion initially which was normalized
during the study period (Patients 16, 17, 18, 19, 22). There did not appear to
be any relationship between C3 conversion and septicemia, since the distribution
of septic and non-septic patients within the groups was equal.

The ability of sera with reduced C3 conversion from septic and non-septic
patients to reduce C3 conversion when added to PNHS was next determined. Ten ul,
20 pul, and 50 pl of burn sera were added to 50 ul of PNHS, the volumes were

equalized with (G.15M saline, and C3 conversion by 10 mg/ml of inulin was measured.

Controls for the experiments were as follows: (a) untreated PNHS added to PNHS,
(b) factor B depleted normal human serum (RB) added to PNHS, and (c) factor D
depleted normal human serum (RD) added to PNHS. For each patient, the temporal
sequence of C3 conversion by inulin and C3 concentration are shown in the left
figure (Figure A), and the inhibitory activity of multiple sera from the patients
in comparison to the controls is shown in the right figure (Figure B). The
numbers following the lines in the right figures indicate the postburn dav serum
which was tested in the assay. Figure 6 shows the data obtained on the non-
septic burned patients. With the exception of serum obtained on day 24 from
Patient 14, the C3 conversion values obtained when burn sera were added to PNHS
were equal to or greater than the values obtained when the complement deficient
control sera were added to PNHS. In addition, no correlation between C3 concen-
tration and C3 conversion in the burn sera was demonstrated.

Identical results were obtained with the sera from the septic patients
(Figure 7). Burn sera added to PNHS resulted in C3 conversion values equal to
or greater than values obtained when the complement deficient control sera were
added to PNHS. Also, no correlation between C3 concentration and C3 converting
activity in the sera was demonstrated. These results indicated that reduction
in C3 conversion in the burn sera was caused by a deficiency of critical normal
serum proteins required for C3 conversion and not to an inhibitory activity.

To determine if reduction in C3 conversion in the burn sera was caused by a
complement deficiency, three different sera from Patient 13 were supplemented
with increasing concentrations of heated PNHS (56°C, 30 minutes) or untreated
PNHS. At a concentration of 507, untreated PNHS restored C3 conversion by
inulin in the burn sera to normal (Figure 8). In contrast, heated PNHS (A PNHS)
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Figure 4. Conversion of C3 by inulin in sera obtained from nine non-septic
burned patients during 62 days postburn. The shaded areas represent
the range of C3 conversion for 20 normal individuals (mean * 2 S.D.).
The numbers following each line represent patient numbers. Refer to
Table 1 for clinical characteristics of the patients. The points
represent mean values of duplicate determinations, and each vertical
bar represents the standard error of the mean. The asterisks follow-
ing the patient numbers indicate that the values for C3 conversion
in the sera were derived from single determinations.
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Figure 5. Conversion of C3 by inulin in sera obtained from seven septic burned
patients during 58 days postburn. The shaded area represents the
range of C3 conversion for 20 normal individuals (mean * 2 S.D.).
The numbers following each line represent patient numbers. Refer to
Table 1 for clinical characteristics of the patients. The points
represent mean values of duplicate determinations, and each vertical
bar represents the standard error of the mean.
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Figure 6. Temporal sequence of C3 conversion by inulin and C3 concentration in

the sera of six non-septic burned patients, and the inhibitory ac-
tivity of multiple sera from each patient. C3 conversion by inulin
and B antigen of C3 concentration in the sera are presented in Figure
A. C3 conversion values when increasing concentrations of burn sera
were added to PNHS are shown in Figure B. The dotted lines in Figure
B represent the controls: (a) untreated PNHS added to PNHS (¢ ---¢),
(b) factor B depleted normal human serum (RB) added to PNHS (@ ---@),
and (c) factor D depleted normal human serum (RD) added to PNHS (x---Xx).
The numbers following the lines in this figure represent the postburn
day serum that was tested in the assay. Serum obtained on day 24 from
Patient 14 1s referred to by the designation (A--~=A). The points
represent mean values of three or more determinations.
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Figure 7.

BURN SERA ADDED
TO PNHS (%)

Temporal sequence of C3 conversion by inulin and C3 concentration in
the sera of five -septic burned patients, and the inhibitory ac-
tivity of multiple sera from each patient. C3 conversion by inulin
and B antigen of C3 concentration in the sera are presented in Figure
A. C3 conversion values when increasing concentrations of burn sera
were added to PNHS are shown in Figure B. The dotted lines in Figure
B represent the controls: (a) untreated PNHS added to PNHS (¢ ---e),
(b) factor B depleted normal human serum (RB) added to PNHS (@ ---p),
and (c) factor D depleted normal human serum (RD) added to PNHS (x---x).
The numbers following the lines in this figure represent the postburn
day serum that was tested in the assay. The points represent mean
values of three or more determinations.
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Figure 8.
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in the assay. Untreated PNHS added to PNHS (®---B), and APNHS (56°C,
30 minutes) added to PNHS (® ——m) served as controls for the experi-

ment.,

The points represent values of single determinations.
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which lacked an intact complement system did not restore C3 conversion by {inulin
in the burn sera to normal or even to the levels obtained when /. PNHS was added
to untreated PNHS. These results indicated that reduction in C3 conversion in
the burn sera was caused by a deficiency of one or more complement components.

Our next experiments were designed to provide preliminary evidence regarding
the identity of the deficient complement protein or proteins causing reduced C3
conversion by inulin in the burn sera. Untreated PNHS was fractionated by mole-
cular sieve chromatography on Sephadex G-200 or Sephadex G-75. Equal parts of
excluded or included peaks and burn sera from Patient 13 were mixed together, and
C3 conversion by 10 mg/ml of inulin was measured after 60 minutes of incubation
at 379C. The excluded and included peaks from Sephadex G-200 fractionation of
PNHS restored C3 conversion in the burn sera to normal (Table 2). These results
indicated that proteins greater and less than 200,000 daltons were deficient in
the patient's sera causing reduced C3 conversion. Only the excluded fraction
from the G-75 fractionation of PNHS restored C3 conversion in the burn sera to
normal, indicating that proteins over 75,000 daltons were deficient in the pa-
tient's sera. Values obtained when the included peak from G-75 fractionation was
added to the burn sera were greater than those obtained for unsupplemented burn
sera. These results indicated that one or more proteins of less than 75,000
daltons were also contributing to reduction in C3 conversion in the burn sera.

In all of the experiments which we have performed to date, C3 conversion has
only been evaluated utilizing reduction in the B antigenic determinant of C3 as
the parameter for measuring C3 conversion, and inulin has been used as the only
activating substance. Our next experiments were designed to further evaluate
the integrity of the complement system in the burned patients using additional
methods and activating substances. C3 and C5 levels and C3 and C5 conversion
by fnulin in burn sera treated with 10 mM ethylene glycol tetra-acetic acid (EGTA)
and 10 mM MgCl, and in untreated burn sera were measured utilizing standard hemo-
lytic methods. Treatment of the sera with EGTA and magnesium was used to block
classical pathway activity. In addition, C3 conversion by cobra venom factor
(CoVF) was measured in the burn sera utilizing the B antigen of C3 reduction
assay.

Linear regression analyses were performed from determinations on multiple
sera obtained from Patients 13 to 16. Immunochemical concentrations of C3 and
C5 correlated well with concentrations of these proteins as measured by hemolytic
methods (Figure 9). The data were converted from CHgg units/ml (hemolytic assays)
and from mgZ and units/ml (immunochemical assays) to percent of normal mean
values to allow comparisons to be made between the assays. The results indicated
that higher percentages were obtained with the hemolytic assays; the Ligher per-
centages did not however affect the correlations. Conversion of C3 by inulin in
the burn sera utilizing the hemolytic and B antigen of C3 reduction assays also
correlated well (Figure 10). Conversfon of C3 by inulin in the burn sera also
correlated with C3 conversion by another known activating substance of the alter-
natfve complement pathway, CoVF (Figure 11). Correlation between C3 and C5
conversion by inulin in the burn sera utilizing the hemolytic assays was also
significant (Figure 12). Hemolytic C3 and C5 conversion by inulin in untreated
burn sera correlated with C3 and C5 conversion by inulin in burn sera treated with
EGTA and MgCl)y (MgEGTA) (Figure 13). Values for C3 conversion in MgEGTA burn sera
were equivalent to those in untreated sera, however C5 conversion values in MgEGTA
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Table 2. Restoration of the C3 Converting Activity of Sera from
Patient 13 with Fractions of PNHS Prepared by Molecular Sieve
Chromatography

C3 Conversion (%)@

Sephadex G-200P Sephadex G-75b
No Fractionation Fractionation Fractionation
Postburn® Serumd Serum Serum Serum Serum Serum
Day Alone + PNHS + EP€ ofr H’f + EP€ + Il'f
4 6 43 54 48 68 Z1
9 39 62 /6 71 83 54
11 37 54 68 65 82 47
18 30) L2 62 50 62 33
25 35 40 59 49 65 47
32 40 52 59 59 65 51
44 28 46 63 54 68 45
PNHS 64 64 76 75 71 44

AValues obtained from a single determination are represented.

bFifly percent of the designated fraction was added to 507 of
burn sera or PNHS, and C3 conversion by 10 mg/ml of inulin was
measured.

CPostburn day referes to the postburn day serum tested in the
assays.

dpercent of €3 conversion by inulin in unsupplemented burn sera.
“EP = excluded peak after fractionation of PNHS
f1p = included peak after fractionation of PNHS.
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Relationship between concentrations of €3 and C5 in sera from Patients
13 to 16 measured by immunochemical and hemolytic methods. The co-
efficient of linear correlation (r) for the C3 determinations was
0.460, and the p value was 0.01. The r value for the C5 determinations
was 0.339, and the p value was 0.049. The points represent mean

values of duplicate determinations for each function.
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Figure 10. Relationship between C3 conversion by inulin in sera from Patients
13 to 16 utilizing the B antigen of C3 reduction and hemolytic
assays. The coefficient of linear correlation (r) was 0.643, and
the p value was 0.001. The points represent mean values of dupli-
cate determinations for each function.
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Figure 11. Relationship between C3 conversion by inulin and C3 conversion by
CoVF in sera from Patients 13 to 16. Measurements using both
activating substances were obtained utilizing the B antigen of C3
reduction assay. The coefficient of linear correlation (r) was
0.471, and the p value was 0.009. The points represent mean values
of duplicate determinations for each function.
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Figure 12. Relationship between C3 and C5 conversion by inulin in sera from
patients 13 to 16. Hemolytic methods were used for all determina-
tions. The coefficient of linear correlation (r) was 0.361, and
the p value was 0.04. The points represent mean values of duplicate
determinations for each function.
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Relationship between C3 and C5 conversion by inulin in untreated
sera from Patients 13 to 16 and in the same sera treated with EGTA
and supplemented with MgCl2 (MgEGTA). Hemolytic methods were used
for all determinations. The coefficient of linear correlation (r)
for C3 conversion in untreated and MgEGCTA sera was 0.463, and the p
value was 0.01. The coefficient of lincar correlation (r) for C5
conversion in untreated and MgEGTA sera was 0.466, and the p value
was 0.01. The points represent mean values of duplicate determina-

35




sera were lower than those in untreated burn sera. Since classical pathway acti-
vation is blocked in MgEGTA sera, the results indicated that C3 conversion by
inulin measured alternative pathway activity, and that C5 conversion by inulin
measured classical as well as alternative pathway activity.

To further examine the functional activities of factors B and D and the
total alternative complement pathway, hemolytic radial immunodiffusion assavs
were set up according to previously published methods (62,63). Utilizing the same
lots of agarose, guinea pig erythrocytes, and other reagents, a wide variability
in results from experiment to experiment was obtained. Three different experi-
ments on ten normal individual sera for the total alternative pathway assay are
shown in Table 3. As shown in Table 4, purified human factor B restored hemoly-
sis to normal in the factor B hemolytic assay, however the results on the normal
sera among experiments were not reproducible. Purified human factor D did not
restore hemolysis in the factor D hemolytic assay, and the reproducibility in
the results among experiments was extremely poor (Table 5). For these reasons,
the hemolytic radial immunodiffusion assays were not used to evaluate the alter-
native complement pathway in the burn sera.

b. Discussion

The observations reported in this study refuted the hypothesis that
reduction in C3 conversion by inulin in the burn sera was caused by elevation of
one or more regulatory proteins of the alternative complement pathway. C3b INA
and BlH are regulatory proteins of the alternative pathway, and if present in
elevated amounts in serum, could cause inhibition of C3 conversion. C3b INA
inactivates C3b, thereby inhibiting the amplification loop of the alternative
pathway formed by the C3 convertases C3b,B and C3b,B,P (64-67). 81H potentiates
the inactivation of C3b by C3b INA and, in addition, directly inhibits C3b and
the activity of the alternative pathway convertases C3b,B and C3b,B,P (22,23).

No correlation between reduction in C3 conversion by inulin and elevation of
g1H and/or C3b INA in multiple burn sera was demonstrated. No significant dif-
ferences were observed between the ability of burn sera with reduced C3 conversion
and complement deficient normal sera to inhibit C3 conversion by inulin when
added in increasing concentrations to PNHS. In addition, euglobulin fractions of
burn sera were found to inhibit C3 conversion when added in increasing concentra-
tions to PNHS, however the inhibitory activity of the euglobulin fractions was
found to be unrelated to the original C3 converting activity of the burn sera.
This observation also ruled out the possibility that burn injury altered a normal
euglobulin protein to a configuration with regulatory activity, thereby inhibiting
€3 conversion.

Several pieces of preliminary experimental evidence support the thesis that
reduction in C3 conversion in the burn sera was caused by a deficiency of critical
normal complement proteins required for C3 conversion. Restoration of C3 conver-
sion by inulin in multiple burn sera was achieved by addition of PNHS. PNHS
heated at 56°C for 30 minutes to destroy complement activity did not restore C3
conversion by inulin in the burn sera to normal. More than one complement pro-
tein caused decreased C3 conversion in the burn sera, one or more proteins with
a molecular weight of greater than 200,000 daltons and one or more proteins with
a molecular weight of less than 200,000 daltons. This conclusion is based on the
experimental observation that restoration of C3 conversion by inulin in multiple
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Table 3. Hemolytic Radial Immunodiffusion of the Total
Alternative Pathway in Ten Normal Sera

Percent of Normal

Sera Expef&menf ] Experiment 2 Experiment 3
1A 98 160 106
2 98 68 106
} 98 90 132
4 87 120 106
5 50 68 106
6 98 90 132
7 152 90 132
8 152 160 132
9 126 200 82
10 152 120 106
PNHSP 126 120 82

ANumbers refer to the normal individuals from whom the sera
were obtained.

bpnus = pooled normal human serum.
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Table 4. Hemolytic Radial Immunodiffusion of the Functional
Activity of Factor B

Sera or Percent of Normal

L:;ii?id Experiment 1 Experiment 2 Experiment 3

17 82 50 120

2 50 25 100

3 20 36 74

o < 25 142 110

? 50 74 84

g 25 25 159

‘ < 25 50 150

8 220 40 59

9 100 142 50
10 50 50 77
['-Bh 100 105 125
PNHS® 61 150 100

ANumbers refer to the normal individuals from whom the sera
were obtained.

bFp = purified human factor B.

CPNHS = pooled normal human serum.
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Table 5. Hemolytic Radial Immunodiffusion of the

Functional Activity of Factor D

Sera or Percent of Normal
Purified SRS N e e T
Protein Experiment 1 Experiment 2
i 100 88
2 100 100
3 180 100
4 122 100
5 150 240
6 150 200
7 180 66
8 150 200
9 180 220
10 180 150
FDP 0 0
PNHSC 150 97

dNumbers refer to the normal individuals from
whom the sera were obtained.
bep = purified factor D.

CPNHS = pooled normal human serum.
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burn sera was achieved by included and excluded peaks of PNHS after Sephadex G-
200 or G-75 fractionation.

The assay for measuring C3 conversion utilizing reduction in the B antigenic
determinant of C3 which has been used throughout our studies correlated well with
standard hemolytic assays utilizing EACI42 cells and purified classical comple-
ment components (68). Utilizing the B antigen reduction assay, results obtained
when inulin was used as an activating substance correlated with results obtained
when CoVF was used as the activating substance. Utilizing hemolytic assays, con-
version of C3 by inulin correlated with conversion of C5 by inulin in the burn
sera. The C3 conversion assays were shown to measure alternative complement
pathway activity, and the C5 conversion assay measured classical as well as al-
ternative pathway activity. These observations strengthen the concept that an
abnormality of the alternative complement pathway is caused by burn injury which
blocks the pathway prior to the C3 conversion step.

2. Studies to determine Lhe_association between septicemia and changes in

a. Results

In our previous preliminary studies, reduction in the immunochemical
levels and functional activities of components of the classical and alternative
complement pathways was associated with septicemia in two burned patients (
Studies on a group of five additional septic burned patients showed that reduction
in the classical complement pathway occurred prior to and during septic episodes
in three of the patients (16). In the other two patients, decreased classical
pathway activity was also demonstrated prior to the developement of septicemia,
but not consistently during septic episodes. Reduction in the functional activi-
ty of the alternative complement pathway was not found to be associated with
septicemia in any of the five burned patients in this study group.

Reduction in classical complement pathway activity did not reduce the opsonic
capacity of the patients' sera for the specific microorganisms causing infection
(9). 1In only one patient, consumption of components of the classical pathway oc-
curring during septicemia decreased the opsonic capacity of the patient's sera for
her own infecting microorganism, an isolate of Escherichia coli; sera from the
same patient which could not opsonize E. coli opsonized her infecting strain of
Staphylococcus aureus normally. The microorganisms which were isolated from the
other septic burned p. patients and used to test the opsonic capacity of the patients'
sera were also, with one exception, strains of Staphylococci. Since there is evi-
dence that S. aureus can be opsonized by normal IgG in the absence of complement
(17,18), the lack of demonstration of reduction in the opsonic capacity of the
patients' sera for their infecting strains of Staphylococci might have been related

to the lack of a requirement for complement for opsonization of the strains.

The objectives of the present investigation were as follows: (a) To deter-
mine 1if the classical complement pathway was consumed preferentially during sept-
icemia in burned patients, or if alternative complement pathway consumption could
occur as well; (b) to determine under what circumstances the classical pathway was
not consumed during septicemia; (c) to determine if the classical pathway was
always reduced during the injtial postburn period in patients who later developed
septicemia; (d) to determine if reduction in serum opsonic activity occurred for
certain infecting bacteria and not for others, as was observed in our previously
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studied group of septic patients; (e) to evaluate the effects of the administra-
tion of blood products on the observed changes in humoral factors in septic and
non-septic burned patients and on the outcome of the infections in the septic
patients; (f) to provide a detailed study of the functional integrity of the
alternative pathway in septic and non-septic burned patients; and (g) to provide
information about the immunochemical concentrations of classical pathway compo-
nents in non-septic burned patients, since in our previous studies only functional
activity of the classical pathway was measured in this patient population.

Nineteen patients with severe thermal injury were followed during 9 weeks
postburn. Patients who appeared to be at the greatest possible risk of infection
because of burn size or age or both were selected for the study. Serum samples
were obtained from the patients as soon after the injury as possible and then at
weekly intervals. In those patients who developed septicemia, serum samples were
also obtained two additional times per week until blood cultures became negative.
Blood cultures were drawn on all patients at least one time per week by our staff,
and additional blood cultures were drawn at the discretion of the attending
physicians. This procedure was adopted for the purpose of documenting negative
as well as positive cultures obtained on the patients. Septicemia was documented
by clinical findings and positive blood cultures. The clinical criteria used
for the diagnosis of septicemia were (a) chills and fever, (b) tachycardia, (c)
hypotension, and (d) disorientation.

Seven of the nineteen patients had positive blood cultures during their clin-
ical course. Clinical signs of septicemia were documented in all of these pa-
tients, when blood cultures were positive. Clinical characteristics of this group
of patients and information regarding blood cultures are given in Table 6. The
other 12 patients had negative blood cultures. Clinical characteristics of this
group of burned patients are shown in Table 7. Eight of the twelve non-septic
patients (#5 to 12) died within 6 days postburn. Since only one serum sample was
obtained on each of these patients, the data on these samples have not been in-
cluded in this report. The deaths of the eight burned patients limited our popu-
lation of non-septic patients. However this problem was not unexpected, since
we had selected only high risk patients for our study. Data from the non-septic
patients will be presented first, followed by the data on the septic patients, to
allow appropriate comparisons between the two patient populations to be made.

Total hemolytic complement (CHgg) fell within the normal range in all of the
non-septic burned patients for the duration of the study, despite decreased immuno-
chemical levels of Clq and C2 in the sera of Patient 2 during 10 days postburn
(Figure 14). The immunochemical level of C4 was found to be normal in all of the
patients for the duration of the study. The immunochemical level of native C3 was
also found to be normal in all of the patients for the entire study period (Figure
15). However, the immunochemical level of C5 fell below 2 standard deviations
from the normal mean in Patients 1 and 2 during 30 days postburn. Functional
activities of C3 and C5 were also measured in the sera of the four patients by
standard hemolytic methods. The normal ranges for the assays were so broad that
only 1 standard deviation from the normal mean could be represented in the figure.
A1l of the patients had normal or elevated C3 and C5 as measured by these methods.
These results indicated that the functional activity of C5 in the sera of Pa-
tients 1 and 2 was normal, despite decrease in the concentration of this pro-
tein during 30 days postburn. This concept is further supported by the observa-
tion that total hemolytic complement, a collective measurement of the functional
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Table 7.

Patient
No.
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Clinical Characteristics of the Non-Septic
lurned Patients

sody Surface
In]urml"

Third

Total Depree
Ape Sexd % %
59 M 62 0
14 M 43 33
12 M 40 0
15 M 49 b5
19 M 80 14
49 M 60 £
16 mos M 69 69
32 M 98 30
13 I’ 47 35
9 F 55 55
56 |} 48 16
87 f 60 29

= male; I = female.

patients had flame burn injuries.

“These patients expired within 6 days postburn.
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activities of Cl to C9, was normal in the sera of Patients | and 2 despite de-
creased immunochemical levels of C5 and/or Clq and C2.

Properdin in one of the four patients was decreased below 2 standard devi-
ations from the normal mean during 20 days postburn, and in the other three
patients, fell below the normal mean value until the 4lst to 50th postburn day
period (Figure 16). C3b INA and factor B levels in all of the patients were
normal or elevated during the entire study period.

Utilizing reduction in the B antigenic determinant of C3 by radial immunodif-
fusion as a method for measuring C3 conversion, Patient 1 had reduced C3 conver-
sion by inulin during 5 days postburn and by cobra venom factor (CoVF) during 10
days postburn; C3 conversion by both activating substances in this patient's sera
was restored to normal thereafter (Figure 17). Patient 2 had normal C3 conversion
by inulin and CoVF until the 21st to 30th postburn day period which was subsequent-
ly restored to normal. Patients 3 and 4 had normal C3 conversion by both activa-
ting substances for the duration of the study utilizing this method. The hemolytic
assay for measuring C3 conversion by inulin yielded different results, although
the trends were the same. €3 conversion by inulin was reduced in Patient 1 during
30 days postburn and was subsequently normalized. C3 conversion was decreased
during the 2lst to 30th postburn day period in Patient 2, although it remained
within the normal range. C3 conversion by inulin in Patients 3 and 4 was consis-
tently normal for the duration of the study utilizing this method. Treatment of
the burn sera with 10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM MgCl,,
which blocked classical pathway activity, did not substantially reduce C3 con-
version by inulin in the sera, and actually improved C3 converting activity during
the first 10 days postburn in Patient 1. C5 conversion was normal for the entire
study period except in Patient 1 during the 31st to 40th postburn day period and
in Patients 2 and 3 during the 2lst to 30th postburn day period. C5 conversion
by inulin in EGTA~treated magnesium supplemented sera (MgEGTA-burn sera) was
markedly reduced in Patient 2 during the 21st to 30th postburn day period, in
Patient 3 until the 31st to 40th postburn day period, and in Patient 1 for the
duration of the study. C5 conversion in MgEGTA-burn sera was slightly reduced!
but fell within the normal range in Patient 4. From these results the following
conclusions were drawn: (a) Utilizing two different activating substances and
two different methods for measuring C3 conversion, C3 conversion was abnormal in
two of the four study patients; (b) C5 conversion by inulin was frequently abnormal
when C3 conversion by inulin was normal and vice versa, and in only one patient
did C3 and C5 conversion correlate exactly; (c) C3 conversion by inulin measured
alternative pathway activity; (d) C5 conversion by inulin measured classical as
well as alternative pathway activity; and (e) a wide variation in the results of
duplicate determinations was observed using the hemolytic methods for measuring
C3 and C5 conversion, in comparison to the method for measuring C3 conversion
utilizing reduction in the B antigenic determinant of C3 by radial immunodiffusion.

Levels and activities of classical pathway components in the sera of the seven
septic patients are shown in Figure 18. 1In all of the patients, CHgsp was markedly
reduced initially below the lowest value obtained in the non-septic patients (67%
of the normal mean value). Patient VI was the only patient in whom classical
pathway components Clq, C4, C2, C3 and C5, as well as CH50, were reduced for the
entire study period of 21 days. This patient also had the most severe bacterial
infections with multiple microorganisms isolated from all blood cultures which
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Figure 17. Functional activity of the alternative complement pathway in the sera

of four non-septic burned patients during 50 days postburn. Conver-
sion of C3 and C5 by inulin in untreated burn sera and in burn sera
treated with 10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM
MgCl2 (MgEGTA - burn sera) was measured by hemolytic methods. Conver-
sion of C3 by inulin and cobra venom factor (CoVF) in untreated burn
sera was also measured by reduction in the B antigenic determinant of
C3 by radial immunodiffusion. The shaded arcas represent the variation
in 20 individual normal sera (mean * 2 S.D.). The Arabic numerals
following the lines represent patient numbers. Refer to Table 7 for
the clinical characteristics of the patients. The points represent
mean values of duplicate determinations.
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Figure 18. Immunochemical and functional activities of the classical complement
pathway in the sera of seven septic burned patients during 50 days
postburn. The levels of Clq, C4, and C2 were determined immunochem-
ically. €3 and C5 were measured by immunochemical and hemolytic
methods. The Roman numerals represent the patient numbers. Refer
to Table 6 for the clinical characteristics of the patients. The
values of duplicate determinations for each function are presented.
(Refer to page 49a for the figure.)
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were obtained after the first day postburn. Patient 111 also had consumption

of Clq, C4, C2, C3, C5 and CH5(¢ during the 20-day postburn period during which
she was studied, except during the 6th to 10th postburn day period; the first
positive blood culture was not obtained on this patient until day 17. Patient

11 had multiple episodes of septicemia during 10 to 29 postburn days, associated
with decrease in all of the classical pathway components during this time. Dur-
ing the 31st to 40th postburn day period, the classical complement components
except C3 were decreased in this patient and during the 41lst to 50th postburn
day period, all of the components were restored to normal values. Patient I,
whose septic episodes occurred during days 17 to 42, had decreased CHgg, Clg,

C4, C2, and C5, but not C3, through the 4lst to 50th postburn day period, which
were normalized thereafter. 1In two of the other patients (#IV and V), consump-
tion of CHgq, Clq, C4, C2, but not C3 or C5, occurred throughout the study except
initially (days 13 to 15) in Patient IV, and during the 36th to 40th postburn

day period in Patient V. During these times, all of the components, including C3
and C5, were decreased. Patient IV had septic episodes on day 13 and days 31 to
34, and Patient V became septic on day 37. The last patient (#VII) had inter-
mittent septic episodes during 15 to 24 days postburn; decrease in CHgg, Clg, and
C4, but not C2, C3, or C5, occurred during the entire study period of 30 days
postburn.

Decrease in C3b INA was demonstrated in four of the seven patients (Figure
19). C3b INA was decreased during the initial postburn period in three of the
patients (#11, 111, and 1IV) and for the duration of the study in Patient VI.

C3b INA was also reduced in Patient 111 after the 6th to 10th postburn day period.
Factor B was decreased concurrently with C3b INA except in Patient III1. In
Patient 111, factor B was normalized after the first 5 days postburn and remained
normal thereafter. Properdin was markedly reduced in all patients for the dura-
tion of the study.

C3 conversion by inulin and CoVF, and C5 conversion by inulin were reduced
for the entire study period in Patient 111, and until the 36th to 40th postburn
day period in Patient V (Figure 20). C3 and C5 conversion was normal in Patient
VI until day 21, probably because there were only small amounts of C3 and C5 in
this patient's sera to be converted by large amounts of activating substances.

In the other patients, C3 conversion was often reduced when C5 conversion was

not and vice versa. In Patient 1, C3 conversion was reduced for the entire study
period, but C5 conversion was normalized during the 41st to 50th postburn day
period. In Patient II, C3 conversion was reduced during the entire study period
except during the 11th to 20th postburn day period. C5 conversion in this
patient was only reduced during the initial 5 days postburn. In Patient IV,

C5 conversion was reduced for the entire study period of 50 days, but C3 conver-
sion was only reduced during 20 days postburn. In Patient VII, C3 conversion

was reduced for the entire study period; however, C5 conversion was normal. In
all of the patients, C3 and C5 conversion by inulin in thc burn sera was either
not reduced or was only slightly reduced by treatment of the sera with EGTA and
MgCly. These results indicated that the C3 and C5 conversion methods measured al-
ternative pathway activity in the burn sera.

Reduction in complement levels and activities did not decrease the opsonic
capacity of the patients' sera for their own infecting microorganisms (Figure




Figure 19.

Immunochemical levels of factor B, properdin, and C3b inactivator
(C3b INA) in the sera of seven septic burned patients during 50 days
postburn. The Roman numerals represent the patient numbers. Refer
to Table 6 for the clinical characteristics of the patients. The
values of duplicate determinations for each function are presented.
(Refer to page 5la for the figure.)
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Figure 20.

Functional activity of the alternative complement pathway in the sera
of seven septic burned patients during 50 days postburn. Conversion
of C3 and C5 by inulin in untreated burn sera and in burn sera
treated with 10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM
MgCl, (MgEGTA-burn sera) was measured by hemolytic methods. Conver-
sion of C3 by inulin and cobra venom factor (CoVF) was also measured
by reduction in the B antigenic determinant of C3 by radial immuno-
diffusion. The Roman numerals represent the patient numbers. Refer
to Table 6 for the clinical characteristics of the patients. The
values of duplicate determinations for each function are presented.
(Refer to page 524 for the figure.)
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21). Although S. aureus was the most common infecting microorganism, E. coli,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Citrobacter freundii, and Strep-
tococcus faecalis were 1so]ated as well. In only one patient (#VI), opsonic
activity of the patient's sera for her infecting strain of K. pneumoniae was

reduced; the reduction occurred only during the first 5 days postburn.

The types and amounts of blood products administered to the septic patients
are shown in Figure 22. A wide variation in the regimen for administration of
blood products was observed. All of the patients received whole blood with
Patients I and 11 receiving a total of less than 1000 ml, Patients 111, V, and
VI receiving a total of from 4000 to 6750 ml, and Patients IV and VI1 receiving
a total of 9000 ml. Only four of seven septic patients received single donor
plasma. Patient 111 received the least amount (approximately 2000 ml), and
Patients IV, V, and VI received from 7200 ml to 8500 ml.

All of the non-septic burned patients received single donor plasma, and
three of the four patients received whole blood during the study period (Figure
23). Patients 1, 3, and 4 received from 1250 ml to 2950 ml of single donor
plasma during the study; Patient 2 received the most plasma, totaling approx-
imately 8950 ml. This patient also received the most whole blood (12,485 ml),
with Patients 3 and 4 receiving 795 ml and 4900 ml respectively. Per unit of
time, all of the non-septic patients with the exception of Patient 2 received
less whole blood and plasma than the four septic patients who received both
blood products.

b. Discussion

The data presented in this section support our previous prelim-
inary observations that consumption of the classical complement pathway was
associated with and was caused by septicemia in thermally injured patients (9,16).
In the previous study, only three of five septic burned patients had classical
pathway consumption associated consistently with septic episodes. 1In this in-
vestigation, all of the seven study patients had decreased classical pathway
activity during their septic episodes, and there were no exceptions. All of the
patients who did not survive septicemia and who died of septic shock had consump-
tion of all of the classical complement components (Cl to C5) during their septic
episodes; the levels of C6 to C9 were not measured individually in our study.
Patients who survived septicemia had multiple patterns of classical complement
pathway consumption during their septic episodes as follows. (a) Consumption
of all components, (b) consumption of only Cl and C4, (c) consumption of only
Cl, C4, and C2, and (d) consumption of Cl, C4, C2, and C5, but not C3. 1In these
patients, classical pathway activity was restored to normal within 20 days
following the last positive blood culture. This observation is preliminary,
however, since only two of the four surviving patients were studied long enough
following septicemia to make this evaluation.

The alternative complement pathway was consumed in only one wf the seven sep-
tic patients. Blood cultures were positive in this patient after the first
postburn day every time they were obtained, and this patient died of septic shock
on the 23rd postburn day. C3b INA and factor B were markedly decreased for the
entire study period in this patient. Factor B was also decreased in three other
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Figure 21.

Serum opsonizing activity for the microorganisms causing septicemia
in the seven burned patients during 5C days postburn. None of the
microorganisms isolated from the patients and used in the opsonic
assays was susceptible to killing by either leukocytes or serum alone.
Serum concentrations in the assays varied for each microorganism and
were based on the minimal concentration of pooled normal human serum
which promoted maximal intracellular killing of the microorganism
during the shortest incubation period. The Roman numerals represent
the patient numbers. Refer to Table 6 for the clinical characteris-
tics of the patients. The values of duplicate determinations for
each function are presented. (Refer to page 54a for the figure.)
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BLOOD PRODUCTS ADMINISTERED (mi)

Figure 22.
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Temporal sequence of the administration of blood products to the
seven septic burned patients. The Roman numerals represent the

patient numbers. Refer to Table 6 for the clinical characteristics
of the patients.
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Temporal sequence of the administration of blood products to the four
non-septic burned patients. The Arabic numerals represent the
patient numbers. Refer to Table 7 for the clinical characteristics
of the patients.
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patients, but only during the first 5 days post admission. C3b INA was also
decreased in these patients, and in two of them, occurred only when C3 was re-
duced concurrently. The decrease in C3b INA appeared to result from increased
utilization in cleavage of C3b to its inactive forms. The results suggested
that alternative pathway consumption occurring during septicemia in the one
patient resulted from the generation of C3b via consumption of the classical
pathway. C3b together with factors B and D, and properdin would lead to further
depletion of C3 and C5 via the enzymes, C3b,B and C3b,B,P. This observation
provides an explanation for the results of our earlier study, showing that
both complement pathways were consumed in one septic burned patient, and only
the classical pathway was consumed in the other septic patient (9). The
results do not exclude the possibility that the alternative pathway was con-
sumed directly as the result of interaction of the bacteria with early compo-
nents in this pathway rather than through the feedback mechanism. Although

if this were the case, then one would expect that alternative pathway consump-
tion would have occurred more frequently in the septic patients and would not
necessarily have been associated with marked classical pathway consumption.

Reduction in classical pathway activity was demonstrated in all of the sep-
tic burned patients during the initial postburn period. Total hemolytic comple-
ment (CHgp) was always markedly reduced below the normal mean value for the
non-septic patients, and early complement components were reduced as well. In
four patients, the reduction included Cl1 to C5, in another, only Cl1 and C4, and
in the other two, Cl, C4, and C2Z and C5 or only Cl, C4, and C2. CHgy and the
early classical components were reduced not only during the initial postburn
period, but during the time prior to when the first positive blood culture was
obtained. The reduction in classical pathway activity was not found to be the
result of systemic infection, since blood cultures were consistently negative in
the patients during this time. Reduction in classical pathway activity was not
demonstrated in the non-septic burned patients, suggesting that this humoral
abnormality is predictive of septic episodes. This is an extremely exciting
concept and, {if substantiated, could lead to the early identification of high
risk patients and possible alterations in therapeutic approaches.

The lack of demonstration of classical complement pathway consumption during
the study period in the non-septic burned patients could not be explained on
the basis of the administration of blood products, since these patients as a
group received less whole blood and plasma than the septic burned patients.
The administration of blood products also did not influence the outcome of sep-
ticemia, since the patient with the most prolonged septicemia received the lar-
gest amounts of blood products per unit of time. 1In addition, the two other
patients who died of septic shock received amounts of whole blood and plasma
per unit of time roughly equal to the non-septic patient who received the most
blood products.

More abnormalities of C3 and C5 conversion by CoVF and/or inulin were ob-
served in the septic burned patients than in the non-septic burned patients.
However, there was quite a discrepancy in the average burn ratio (% total injury/
% third degree injury) between the two groups (55/43 for the septic patients
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and 49/19 for the non-septic patients). The increased number of abnormalities
in the septic population is probably explained by this finding, since reduction
in C3 conversion has been shown to be a function of increasing burn size (

Two of the three burned patients who died of septic shock had reduced C3 and C5
conversion for the entire study period (Patient III) or prior to the develop-
ment of septic shock (Patient V), during which time C3 and C5 conversion were
normalized. In the other patient (#VI), C3 and C5 conversion were normal prior
to the development of septic shock and became reduced during shock. In the
surviving patients, C3 conversion was often reduced when C5 conversion was normal
and vice versa. These observations were also documented in three of four non-
septic burned patients. The reason for the lack of an exact correlation between
C3 and C5 conversion in the burn sera was not addressed by our investigation,
but will be the subject of future study. However, the most important observa-
tion to be derived from the C3 and C5 conversion data is that there was abso-
utely no correlation between these abnormalities and the occurrence, duration,
or outcome of septicemia.

_a

As outlined in the previous section of this report (la), C3 conversion by i
the activating substances was a function of the alternative complement pathway,
and C5 conversion was a function of both the classical and alternative pathways.
Values for concentrations and conversion of C3 and C5 were consistently higher
when measured by hemolytic assays, in comparison to the results obtained from 1
the immunochemical determinations. There was a marked variability in the re-
sults of the hemolytic assays, presumably because determinations were run with ]
different lots of commercial EACI% cells and purified human components, C2,
cé6, C7, C8, C9, and C3 or C5. 1In all future experiments, determinations will
be run utilizing the same lots of erythrocytes and complement components.

The classical pathway appeared to be activated preferentially in all but
one of the burned patients during septic episodes. Although C3 and/or C5 con-
version were often reduced during septic episodes, levels of factor B were
generally normal or elevated. Since it is well known that factor B is consumed
during alternative pathway activation, the results suggested that the alterna-
tive pathway was reduced in the burned patients due to blockage of this pathway
rather than to consumption of alternative pathway components. Blockage of the
alternative pathway resulting from deficient alternative pathway proteins would
provide an explanation for the observed preferential activation of the classical
pathway occurring during septicemia. Further studies regarding evidence for
a deficiency of alternative pathway components causing decreased C3 conversion
in burned patients is presented in section Al of this report.

Consumption of components of the alternative and/or classical complement
pathway did not decrease the opsonic capacity of the patients' sera for their
own infecting microorganisms. Multiple bacteria were isolated from the septic
burned patients including S. aureus, E. coli, P. aeruginosa, K. pneumoniae,

C. freundii, and S. faecalis. It should be emphasized that none of the infec-
ting microorganisms was susceptible to direct lysis by normal or burn sera or
to phagocytosis and intracellular killing by normal PMNs in the absence of the
sera. The concentration of serum used in the opsonic assays was specific for
each infecting microorganism. Concentrations of the patients' sera were based
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on the minimal concentration of pooled normal human serum which was found to 1
promote maximal intracellular killing of each bacterial strain during the short-
est incubation period. 1

The finding that complement consumption did not reduce the opsonic capacity
of the patients' sera for their infecting microorganisms is most intriguing. The
investigators offer three possible explanations for this observation as follows:
(a) Only minute amounts of classical or alternative complement pathway components
are required for effective phagocytosis and intracellularly killing of the infec-
ting microorganisms; (b) immune antibodies may be produced during the infection
which either alone or in combination with minimal levels of classical complement
components effectively opsonize the infecting microorganisms; or (c) naturally
occurring antibodies to the infecting microorganisms may be present in the burn
sera prior to the infection which together with minimal levels of alternative
and/or classical complement pathway components effectively opsonize the micro-
organisms. Data are presented in section Cl of this report which show that under
normal conditions the majority of gram-negative aerobic bacilli isolated from
burned patients require immunoglobulin and utilize the alternative and/or classi-
cal complement pathway during the opsonic process. Therefore, either antibodies
must be present in the burn sera prior to infection or be produced during colon-
ization with the microorganisms, if effective opsonization in the presence of
minimal levels of complement components is to occur. Our future studies will
be directed toward determining the levels of pre-existing antibodies and anti-
bodies produced during the course of the infection to the infecting microorganisms
in the septic burned patients. The septic burned patient represents a new model
for studying the in vivo role of complement and immunoglobulins in opsonization
of opportunist microorganisms.

B. Occurrence and Duration of Changes in Humoral Components of Host Defense in

Patients with Abdominal Trauma and in Surgical Patients without Trauma
l. Results

Our previous studies showed that abnormalities of both the classical
and alternative complement pathways occurred immediately following severe blunt
or penetrating abdominal trauma (25). Conversion of C3 by cobra venom factor
(CoVF), which is a functional measurement of the alternative complement path-
way, was reduced in the sera of ten trauma patients, and decrease in the level
of properdin and C3b inactivator (C3b INA) was also demonstrated in the trauma
sera. Total hemolytic complement (CHgsg), a functional measurement of the class-
ical complement pathway and the immunochemical level of C5 were also decreased.
Conversion of C3 by inulin and levels of factor B, Clq, C4, C2, and C3 were
not found to be statistically decreased in the patients' sera. The concen-
tration of IgM was significantly reduced in the sera of the trauma patients,
although leveis of IgG and 1gA were not abnormal. The present investigation
was undertaken to determine the cause and significance of the humoral abnor-
malities in the trauma patients and to determine the duration of the abnormal-
fties.
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Our first objective was to determine if reduction in serum opsonizing ac-
tivity was associated with decrease in complement activity or IgM concentration
in the previously studied group of ten trauma patients. The published original
data of the complement levels and activities and immunoglobulin levels in the
sera of the ten trauma patients are shown in Table 8. Opsonic activity for E.
coli 075, P. aeruginosa 73044, and S. aureus 502A was measured in the patients'
sera. Opsonlc activity for the E. c011 and S. aureus strains was significantly
reduced (p = < 0.05), in comparison to the opsonic activity of sera from age-
matched normal individuals (Figure 24). Opsonic activity for the P. aeruginosa
strain was markedly reduced in the sera of two of the patients, however the
overall differences in opsonic activity for P. aeruginosa between the patients
and the controls were not significant (p = < 0.1). The serum from one of the
patients with reduced opsonic activity for P. aeruginosa also had reduced opsonic
activity for the E. coli and S. aureus test strains. However, a significant cor-
relation by single regression analyses of opsonization of the sera for the three
strains was not demonstrated. Moreover, the only correlation between opsonic
activity for the test strains and immunoglobulin and complement levels or com-
plement activities was observed with the E. coli strain. Opsonic activity of
the sera for the E. coli strain correlated with C3 conversion by inulin (r =
0.92; p = 0.0001) “and with C3 concentration (r = 0.65; p = 0.042). The results
indicated that reduction in serum opsonic activity for E. coli 075 was a function
of the alternative complement pathway, but that reduction in opsonic activity
for the S. aureus and P. aeruginosa strains was related to something other than
classical or alternative pathway activity or total immunoglobulin level. The
observation that the sera from the trauma patients had reduced opsonizing
activity for thiree microorganisms which frequently infect trauma patients pro-
vides evidence that humoral host defense mechanisms in patients with abdominal
trauma are compromised.

Our next experiments were directed toward determining the occurrence and
duration of the humoral abnormalities in patients with penetrating abdominal
trauma and the association between the abnormalities and microbial infections.
Clinical characteristics of the study patients and information regarding cul-
tures obtained on the patients are shown in Table 9. Levels and activities
of components of the classical and alternative complement pathways, levels of
1gG, IgA, and IgM, and serum opsonic activity for E. coli 075, P. aeruginosa
73044, and S. aureus 502A were measured as soon as “the pa patients were identified,
and then twice weekly until the patients were discharged.

In all of the patients, total hemolytic complement (CHSO) was reduced below
the normal mean value during the first 48 hours post trauma and was restored to
or above the normal mean value in only two of the patients (#4 and 6) during the
26 day post trauma study period; restoration of CHgp to normal in Patients 4 and
6 occurred by the end of the first week post trauma (Figure 25). During the first
48 hours post trauma, Clq, C4, C2, C3, and C5 were reduced concurrently below
normal mean values in Patients 1 and 2. Patient 3 had reduced C3 during the first
48 hours post trauma. C3, C4, and C5 were reduced in Patients 4 and 5; Clq
was also reduced in Patient 5, but not in Patient 4. 1In Patient 6, only C5 was
reduced, and in Patient 7, Clg, C3, and C5 were decreased during the first 48
hours post trauma. Clq and C5 remained reduced in Patient 5 for the duratilon of
the study. Restoration of the classical components to a normal mean value
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Opsonic activity for E. coli 075, P. aeruginosa 73044, and S. aureus
502A in the sera of ten patients with abdominal trauma. The dots
represent values for each patient, and the dotted horizontal lines
represent the mean values for the patient group. The shaded areas
represent the normal ranges (mean * 2 S.D.) for each determination.
The solid horizontal lines represent the normal mean values. Stat-
istical analysis was performed by the Student t test.
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Figure 25. Immunochemical levels and functional activities of components of the

classical complement pathway in the sera of seven patients with
abdominal trauma during 26 days post trauma. The shaded areas
represent the variation in 20 individual normal sera (mean ¥ 2 S.D.).
Numbers following the lines represent patient numbers. Refer to
Table 9 for clinical characteristics of the patients. Mean values
of duplicate or triplicate determinations are presented.
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occurred in all of the other patients. The components remained normal for the
duration of study in all of these patients, except Patient 3, whose Clq, C2,
and C5 became reduced during the second week post trauma.

C3b INA was reduced during the first 48 hours post trauma in Patients 1,
4, 5, 6, and 7 and was restored to normal thereafter (Figure 26). Properdin
levels fell below the normal mean value for the duration of the study only in
these five patients. In addition, C3 conversion by CoVF and/or inulin fell
below normal mean values during the study in these patients. Factor B levels
were generally normal or elevated in the sera of all of the patients for the
entire study period.

IgG levels were markedly decreased during the study in Patients 4 and 5;
IgG was also reduced initially in Patient 1 (Figure 27). IgA and IgM levels
in all of the patients fell within normal ranges; however, IgM was decreased
initially in Patients 2, 3, 4, 5, and 6 and IgA fell below the normal mean
value in Patient 6 during the study.

Serum opsonization for S. aureus 502A was reduced in Patient 4 for the du-
ration of the study (Figure 28). Serum opsonization for E. coli 075 was only
reduced during 48 hours post trauma in Patient 5. Serum opsonization for P.
aeruginosa 73044 was reduced in Patient 4 for the duration of the study, and
intermittently in Patients 1, 2, 6, and 7. The observation that Patient 4 had
reduced opsonizing activity for P. aeruginosa and S. aureus could have been
related to a deficiency of IgG, but Patient 5, whose serum was deficient in
IgG, had normal opsonizing activity for the test strains.

None of the initial decreases in classical or alternative pathway components
or activities, immunoglobulin levels, or opsonic activity were related to the
levels of total protein in the patients' sera. Further analyses have shown
that prolonged decreases in CH5(0, Clq, C5, IgG and opsonins were also not re-
lated to total protein concentrations. These results indicated that the humoral
abnormalities were not caused by fluid imbalances.

Two of the seven patients on our study developed post-operative microbial
infections (refer to Table 9) associated with initially decreased classical
pathway components and activity, but with no other marked humoral abnormalities.
One of these patients was the only patient on our study to have persistently
decreased classical pathway activity.

We have also measured classical and alternative pathway components and ac-
tivities, immunoglobulin levels, and opsonic activity for S. aureus 502A, E.
coli 075, and P. aeruginosa 73044 in the sera of three surgical patients without
trauma pre-operatively and during a 3 week post-operative period. 1In these
patients, we have demonstrated no abnormalities of complement, immunoglobulins,
or opsonins.

2. Discussion

Because of the small number of patients on our study, generalizations about
humoral abnormalities in patients with abdominal trauma cannot be made at this
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Figure 26. TImmunochemical levels and functional activities of components of the
alternative complement pathway in the sera of seven patients with
apdominal trauma during 26 days post trauma. The shaded areas
represent the variation in 20 individual normal sera (mean -2 $.D.).
Numbers following the lines represent patient numbers. Refer to
Table 9 for clinical characteristics of the patients. Mecan values

of duplicate or triplicate determinations are presented.
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Tmmunochemical levels of 1gG, IgA, and IgM in the sera of seven
patients with abdominal trauma during 26 days post trauma. The
shaded arcas represent the variation in 20 individual normal sera
(mean * 2 S.0.). Numbers following the lines represent patient
numbers. Refer to Table 9 for clinical characteristics of the
patients. Mean values of duplicate or triplicate determinations
are presented.
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time. Our investigation has, however, permitted several preliminary conclusions

to be drawn as follows: (a) Multiple abnormalities of the classical and alter-

native complement pathways, immunoglobulins, and opsonins were shown to occur

following abdominal trauma, some of which persisted after the first week post

trauma; (b) the humoral abnormalities in the trauma patients were not related to 1
fluid imbalances or to surgical procedures; (c) reduction in IgM occurring during

the initial post trauma period was not related to splenectomy, since patients who

had not undergone splenectomy had decreased IgM and one of the splenectomized

patients had normal IgM; (d) decrease in IgG, in addition to IgM, was demonstra-

ted in the second patient study group; (e) decreases in Clq, C4, C2, C3, and C3
conversion by inulin were demonstrated in the second study group but not in the

first; (f) patients who subsequently developed microbial infections were the

only patients who had decreased classical pathway activity initially that appeared i
to result from consumption of components, since only in these patients were Clgqg, ‘
C4, C2, C3, and C5 decreased concurrently; (g) cause-and-effect relationships

were not established between the abnormalities, with the exceptions that E. coli

075 opsonization correlated with alternative pathway activity, and decrease in

C5 appeared to correlate with decrease in C3b INA; and (h) decreases in classical i
or alternative pathway components or immunoglobulins G, A, or M did not appear

to correlate with opsonization for S. aureus 502A or P. aeruginosa 73044 in

either study group.

|

The observation that E. coli 075 opsonization in the nonburn trauma patients 1
correlated with alternative pathway activity supports the concept that the alter-
native pathway is utilized preferentially in opsonization of this bacterium (2). J
The finding that correlation between E. coli 075 opsonization and classical path- ‘
way activity occurred in patients with burn trauma provides further support to
the nypothesis that the classical pathway is utilized in opsonization secondarily
and only if the alternative pathway is blocked.

The number of patients on our study did not equal the number of patients we
had projected to study (ten abdominal trauma, ten head trauma, ten surgical non-
trauma). This was caused by multiple problems we encountered throughout the year.
Our greatest problem was in locating surgical patients at the Cincinnati General
Hospital who did not have underlying diseases which would disqualify them for our
study. Our second most difficult problem was in obtaining informed consent from
the relatives of our abdominal trauma patients. Most of the trauma in this popu-
lation of patients was either caused by family members who had been incarcerated
and therefore could not or would not give permission, or the family members could
not be located. An additional problem was in obtaining a population of individu-
als who had sustained head trauma without abdominal trauma. We were unable to
identify any patients with head trauma without blunt abdominal trauma who survived.
Our final problem related to the percent of effort and support we had designated
for our research nurse and clinical investigatcrs. In order to make all of the
necessary arrangements with the various attending physicians, identify the pa-
tients and obtain permission, follow the patients utilizing the detailed flow
sheets and obtain the appropriate samples, Dr. S. Bjornson spent 10 to 15 hours
per week on the study rather than 5, and Ms. Geri Perkins, research nurse, spent
75% effort rather than 50%.
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C. Normal Human Serum Opsonins for Opportunist Microorganisms

1. Studies to determine the requirements for immunoglobulin and the alterna-
tive and classical coqglement_pathqus for opsonization  of gram-negative
aerobic mlcroorganisms

a. Results

Evidence regarding the requirements for immunoglobulin and complement
for opsonization of gram-negative and gram-positive aerobic microorganisms has
been controversial. Williams and Quie provided evidence that immunoglobulin was
required for phagocytosis of Escherichia coli, Pseudomonas aeruginosa, and
Proteus vulgaris, but not for phag phagocyt051s s of Staphylococcus epidermidis, Serratia
marcescens, Streptococcus viridans, and Streptococcus faecalis (57). Jasin showed
that immunoglobulin and the classical complement pathway were required for optimal
phagocytosis of S. aureus, and that phagocytosis of E. coli occurred via the
alternative complement pathway in the absence of immunoglobulin (17). Immuno-
globulin in addition to alternative pathway proteins was shown to participate in
phagocytosis of P. aeruginosa and Streptococcus pneumoniae (54-56). Subsequent
studies showed that S. pneumoniae, S. faecalis, S. viridans, S. aureus, S. epider-
midis, S. marcescens, and E. coli requ1ted the alternative complement pathway for
phagocytosis, but that P. aeruginosa did not (70,71).

Minimal information is available regarding the reasons for the diversity in
the requirements for immunoglobulin and the alternative and classical complement
pathways for phagocytosis of strains of the same genera. One possibility is that
differences in the methodology for measuring phagocytosis produced differences
in the results. An alternative explanation is that differences in the requirements
for immunoglobulin and complement for phagocytosis exist among strains of the same
genera.

The purpose of the present investigation was to determine the requirements
for immunoglobulin and complement in human sera for phagocytosis of multiple
strains of gram-negative aerobic microorganisms by human polymorphonuclear leuko-
cytes (PMNs). E. coli, Proteus mirabilis, Klebsiella pneumoniae, and S. marces-

cens were utilized in our study Most of the microorganisms were isolated from

burned patients, although other clinical isolates were included to determine if

a difference in the opsonic requirements between the isolates could be demonstrated.

The ability of human sera depleted of immunoglobulin and/or classical comple-
ment pathway activity to promote phagocytosis and intracellular killing of the
test strains by human PMNs was determined (69). Reaction mixtures consisted of
5.0 x 106 PMNs, 1.0 x 106 bacteria, and serum in a final volume of 1 ml of Hank's
balanced salt solution (HBSS). HBSS was substituted for the PMNs or serum in
the controls. Serum concentrations used in the assays were based on the minimal
amount of pooled normal human serum (PNHS) which promoted maximal intracellular
killing of the bacteria during the shortest incubation period.

Hypogammaglobulinemic sera from three different donors (HS]1-3) were used as
sources of immunoglobulin depleted sera. These sera contained 185 mg 7 to 475 mg 7%
of IgG, and undetectable levels of IgA and IgM. Hypogammaglobulinemic serum was
further depleted of IgG by affinity chromatography using the IgG fraction of
rabbit-antihuman IgG coupled to Sepharose 4B; this serum will be referred to here-
after as HS-A. HS-A contained 22 mg % of 1gG, and undetectable levels of IgA
and IgM. Levels and activities of the classical and alternative complement path-
ways in HS-A were found to be equivalent to those in PNHS (Table 10).
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Table 10. Levels and Activities of the Alternative and Classical Complement
Pathways in Hypogammaglobulinemic Serum Further Depleted of IgG by

Immunoadsorption
Total
Hemolytic
Complement C3'(B C3 Conversion (%) C3 to C9
CHs0 Antigen) in SSSCNEN CHsg
Sera units/ml units/ml Inulin® CoVFc¢ units/ml
PNHS@ 19 30 67 93 31
HS-AP 20 30 70 92 24
4pPNHS = pooled normal human serum.
bHS-A = hypogammaglobulinemic serum further depleted of IgG by immunoad-
sorption.

€Inulin and cobra venom factor (CoVF) were the activating substances used
for determination of C3 conversion.
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Two sources of serum depleted of classical complement pathway activity were
utilized. The first source of serum depleted of classical pathway activity was
C2 deficient human serum (C2dHS), which was kindly provided by Dr. Paul Quie,
University of Minnesota School of Medicine, Minneapolis, Minnesota. The second
source of serum depleted of classical pathway activity was PNHS treated with
10 mM ethylene glycol tetra-acetic acid (EGTA) and supplemented with 10 mM MgCl);
this serum will be referred to hereafter as MgEGTA-PNHS. C3 conversion and C3 to
C9 consumption by inulin and cobra venom factor in MgEGTA-PNHS and untreated
PNHS were equivalent. However, MgEGTA-PNHS was unable to support lysis of sen-
sitized sheep erythrocytes (EA) whereas PNHS supported normal lysis of EA.

These results indicated that treatment with EGTA and MgCl; blocked the classical
pathway leaving the alternative pathway intact. In some experiments, individual
normal sera or hypogammaglobulinemic sera were treated with 10 mM EGTA and 10 mM
MgCl2, and will be referred to hereafter as MgEGTA-N;_3 and MgEGTA-HS]-3, respec-
tively. 1In addition, PNHS depleted of both complement pathways by heating at
56°C for 30 minutes (APNHS) was utilized.

The ability of the various sera to promote phagocytosis and intracellular
killing of four different strains of E. coli was first determined. All of the
strains were found to be killed by human PMNs in the presence of PNHS, but not
by either PMNs or PNHS alone. Hypogammaglobulinemic sera were unable to support
phagocytosis of E. coli (A), in comparison to the phagocytosis-promoting activity
of PNHS or individual normal sera (Nj-3) (Figure 29). MgEGTA-PNHS, C2dHS, and
APNHS also did not promote phagocytosis of this strain. Similar results were
obtained with E. coli (F). Hypogammaglobulinemic sera, MgEGTA-PNHS, C2dHS, and
APNHS were unable to promote phagocytosis of this strain, in comparison to normal
sera (Figure 30). These results indicated that immunoglobulin and complement were
required for phagocytosis and intracellular killing of E. coli (A) and (F), and
that the alternative complement pathway was not utilized.

Hypogammaglobulinemic sera and HS-A supported normal phagocytosis of E. coli
(P) (Figure 31). MgEGTA-PNHS, MgEGTA-HSj_3, C2dHS, and APNHS were unable to
promote phagocytosis of this strain. Similar results were obtained with E. coli
(H). Although hypogammaglcbulinemic sera and HS-A supported normal phagocyt051s
of this microorganism, MgEGTA-PNHS, MgEGTA-HS3j_3, C2dHS, and APNHS were unable
to promote phagocytosis of this strain (Figure 32). These results indicated
that the requirement for immunoglobulin was minimal or non-existent for effective
phagocytosis of E. coli (P) and (H). Although complement was required for phago-
cytosis of these strains, the alternative complement pathway was not utilized. In
addition, the results indicated that depletion of immunoglobulin and classical
pathway activity from human sera was unable to force utilization of the alterna-
tive pathway.

Differences in immunoglobulin requirements and complement pathway utilization
among three strains of P. mirabilis were also demonstrated. All of the strains
were phagocytosed and killed 1ntrace11u1ar1y in the presence of PNHS and PMNs,
but not by either alone. Hypogammaglobulinemic sera, MgEGTA-PNHS, C2dHS, and
APNHS did not promote normal phagocytosis of P. mirabilis (H) (Figure 33). These
results showed that immunoglobulin and complement were required for phagocytosis
of this strain, and that the alternative complement pathway was not utilized.

Hypogammaglobulinemic sera supported phagocytosis of P. mirabilis (A), but
showed reduced opsonic activity in comparison to PNHS and individual normal sera
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Figure 29. Comparisons of the opsonic activities of normal human sera and sera

depleted of immunoglobulin and/or classical pathway activity for

E. coli (A). Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum; Nj_3, individual
normal sera; HS;_j3, individual hypogammaglobulinemic sera; APNHS,
PNHS heated at 56°C for 30 minutes; MgEGTA-PNHS, PNHS treated with

10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM MgCljy;
C2dHS, C2 deficient human serum. The concentration of sera used in
the reaction mixtures was 10%. The points represent mean values of

2 to 4 determinations, and each vertical bar represents the standard
error of the mean.
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Comparisons of the opsonic activities of normal human sera and sera
depleted of immunoglobulin and/or classical pathway activity for
Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum; Nj-2, individu-
al normal sera; HSj.3, individual hypogammaglobulinemic sera; APNHS,
PNHS heated at 56°C for 30 minutes; MgEGTA-PNHS, PNHS treated with
10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM MgCl);
C2dHS, C2 deficient human serum. The concentration of sera used in
the reaction mixtures was 10%. The points represent mean values of
2 to 4 determinations, and each vertical bar represents the standard
error of the mean.
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Figure 31.

Comparisons of the opsonic activities of normal human serum and sera
depleted of immunoglobulin and/or classical pathway activity for E.
coli (P). Abbreviations used were as follows: W, polymorphonuclear
leukocytes; PNHS, pooled normal human serum; HS;_3, individual hypo-
gammaglobulinemic sera; HS-A, hypogammaglobulinemic serum further
depleted of 1gG by immunoadsorption; APNHS, PNHS heated at 56°C for
30 minutes; MgEGTA-PNHS, PNHS treated with 10 mM ethylene glycol
tetra-acetic acid (EGTA) and 10 mM MgClp; C2dHS, C2 deficient human
serum; MgEGTA-HSj_3, hypogammaglobulinemic sera treated with 10 mM
EGTA and 10 mM MgCl2. The concentration of sera used in the reaction
mixtures was 5%. The points represent mean values of 2 to 4 deter~

minations, and each vertical bar represents the standard error of the
mean.
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Figure 32. Comparisons of the opsonic activities of normal human serum and sera

depleted of immunoglobulin and/or classical pathway activity for E.
coli (H). Abbreviations used were as follows: W, polymorphonuclear
leukocytes; PNHS, pooled normal human serum; HS;_;, individual hypo-
gammaglobulinemic sera; HS-A, hypogammaglobulinemic serum further
depleted of 1gG by immunoadsorption; APNHS, PNHS heated at 56°C for
30 minutes; MGEGTA-PNHS, PNHS treated with 10 mM ethylene glycol
tetra-acetic acid (EGTA) and 10 mM MgClp; C2dHS, C2 deficient human
serum; MgEGTA-HS;_j, hypogammaglobulinemic sera treated with 10 mM
EGTA and 10 mM MgCl;. The concentration of sera used in the reaction
mixtures was 5%. The points represent mean values of 2 to 4 deter-
minations, and each vertical bar represents the standard error of
the mean.
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Figure 33. Comparisons of the opsonic activities of normal human sera and sera

depleted of immunoglobulin and/or classical pathway activity for P.
mirabilis (H). Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum; Nj;_s, individual
normal sera; HS;_j, individual hypogammaglobulinemic sera; APNHS,
PNHS heated at 560C for 30 minutes; MgEGTA-PNHS, PNHS treated with
10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM MgCl,;
C2dHS, C2 deficient human serum. The concentration of sera used in
the reaction mixtures was 5%. The points represent mean values of

2 to 4 determinations, and each vertical bar represents the standard
error of the mean.
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(Figure 34). Furthermore, HS-A was unable to promote phagocytosis of this strain.
MgEGTA-PNHS and C2dHS promoted phagocytosis of P. mirabilis (A), although the
opsonic activity of these sera was decreased in comparison to the opsonic activ-
ity of untreated PNHS. In addition, MgEGTA-HS;_3 had reduced opsonic activity,

in comparison to untreated HSj_3. Similar results were obtained with P. mirabilis
(C). Hypogammaglobulinemic sera did not support phagocytosis of P. mirab1lis ),
in comparison to the phagocytosis-promoting activity of PNHS or individual normal
sera (Figure 35). MgEGTA-PNHS promoted phagocytosis of this strain, although to

a lesser extent than untreated PNHS. C2dHS promoted less phagocytosis than MgEGTA-
PNHS, but was similar in opsonic activity to an individual normal serum treated
with MGEGTA. These results indicated that P. mirabilis (A) and (C) required im-
munoglobulin and utilized the alternative and classical complement pathways for
phagocytosis.

A diversity in the opsonic capacity of various sera for K. pneumoniae strains
was also demonstrated. None of the strains was killed by PMNs or PNHS alone.
PNHS and normal sera at concentrations of 57 promoted phagocytosis of K. pneu-
moniae (Wo) (Figure 36). Hypogammaglobulinemic sera promoted minimal phagocytosis,
and HS-A was unable to support phagocytosis of this strain. MgEGTA-PNHS and
C2dHS promoted phagocytosis, although not as efficiently as PNHS. MgEGTA-HS]-3
were less efficient than untreated HS]-3 in promoting phagocytosis, and APNHS was
unable to support phagocytosis of this strain. These results indicated that K.
pneumoniae (Wo) required immunoglobulin and utilized the alternative and classical
complement pathways for phagocytosis. . pneumoniae (W) was also phagocytosed in
the presence of 57 normal sera (Figure 37) Neither hypogammaglobulinemic nor
HS~A supported phagocytosis of this strain. Phagocytosis also did not occur with
MgEGTA-PNHS, MgEGTA-HS]-3, C2dHS, or APNHS. These results indicated that immuno-
globulin and complement were essential for phagocytosis of K. pneumoniae (W), and
that the alternative complement pathway was not utilized.

Thirty percent of PNHS was required to promote over a one log reduction in
bacterial counts of K. pneumoniae (B) by PMNs (Figure 38). Twenty percent of
PNHS was required to achieve a one log reduction in bacterial counts of K. pneu-
moniae (H) (Figure 39). Although not shown in Figures 38 or 39, hypogammaglobu-
linemic serum, MgEGTA-PNHS, and APNHS were unable to support phagocytosis of
either strain. These results indicated that higher quantitative levels of opso-
nins were required for phagocytosis and intracellular killing of these two strains
of K. pneumoniae, in comparison to the amount of opsonins required for efficient
phagocytosis of the other test strains.

Two S. marcescens strains were included in this study; neither strain was
phagocytosed by PMNs or PNHS alone. Hypogammaglobulinemic sera and HS-A were
unable to promote phagocytosis of S. marcescens (W) (Figure 40). MgEGTA-PNHS,
MgEGTA-HS;_3, C2dHS, and APNHS were also unable to promote phagocytosis of this
strain. These results indicated that immunoglobulin and complement were required
for phagocytosis of S. marcescens (W), and that the alternative pathway was not
utilized. In contrast, hypogammaglobulinemic sera and HS-A promoted phagocytosis
of S. marcescens (S) equal to that of normal serum (Figure 41). A slight reduc-
tion in bacterial counts occurred when MgGEGTA-PNHS, C2dHS, and MgEGTA-HS
were used as serum sources. These results indicated that S. marcescens (S) had
a minimal or non-existent requirement for immunoglobulin and utilized the alter-
native and classical complement pathways for phagocytosis.

78




Proteus mirabilis (A)

O —
PNHS
w
HS-A. W OPNHS W
n.
Mg EGTA-HS, . W
= Mg EGTA-HS, . W
5 WSy W
-
3 MQEGTA-HS,. W
3 lO’r - s
°
i C2dns. w
MOEGTA-PNHS, W
i HSy. W
S, W
S :
>
a 0k NW 15
Ny W
PaHS. W PHaNS, W
Ny, W
3
1 7 ) i =
0 60 120 0 60 120
INCUBATION (min)
Figure 34. Comparisons of the opsonic activities of normal human sera and sera

depleted of immunoglobulin and/or classical pathway activity for P.
mirabilis (A). Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum, Nj;_3 individual
normal sera; HS;_3, individual hypogammaglobulinemic sera; HS-A,
hypogammaglobulinemic serum further depleted of IgG by immunoadsorp-
tion; APNHS, PNHS heated at 56°C for 30 minutes; MgEGTA-PNHS, PNHS
treated with 10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM
MgCl2; C2dHS, C2 deficient human serum; MgEGTA-HS;_3, hypogammaglobu-
linemic sera treated with 10 mM EGTA and 10 mM MgCl,. The concentra-
tion of sera used in the reaction mixtures was 5%. The points repre-
sent mean values of 2 to 4 determinations, and each vertical bar
represents the standard error of the mean.
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Comparisons of the opsonic activities of normal human sera and sera
depleted of immunoglobulin and/or classical pathway activity for P.
mirabilis (C). Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum; Nj_3, individual
normal sera; HS;_3, individual hypogammaglobulinemic sera; APNHS, PNHS
heated at 56°C for 30 minutes; MgEGTA-PNHS, PNHS treated with 10 mM
ethylene glycol tetra-acetic acid (EGTA) and 10 mM MgCl,; MREGTA-N;_j,
individual normal sera treated with 10 mM EGTA and 10 mM MgCl;; C2dHS,
C2 deficient human serum. The concentration of sera used in the
reaction mixtures was 10%. The points represent mean values of 1 to

4 determinations, and each vertical bar represents the standard

error of the mean.
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Figure 36. Comparisons of the opsonic activities of normal human sera and sera

depleted of immunoglobulin and/or classical pathway activity for K.
pneumoniae (Wo). Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum; Nj;_», individual
normal sera; HSj_j3, individual hypogammglobulinemic sera; HS-A, hypo-
gammaglobul inemic serum further depleted of IgG by immunoadsorption;
APNHS, PNHS heated at 56°C for 30 minutes; MgEGTA-PNHS, PNHS treated
with 10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM MgCl2;
C2dHS, C2 deficient human serum; MgEGTA-HS;._3, hypogammaglobulinemic
sera treated with 10 mM EGTA and 10 mM MgCl,. The concentration of
sera used in the reaction mixtures was 5%. The points represent mean
values of 2 to 4 determinatfons, and each vertical bar represents the
standard error of the mean.

81

o -

o e e #

e

———
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Comparisons of the opsonic activities of normal human sera and sera
depleted of immunoglobulin and/or classical pathway activity for K.
pneumoniae (W). Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum; Nj_3, individual
normal sera; HS].3, individual hypogammaglobulinemic sera; HS-A,
hypogammaglobulinemic serum further depleted of IgG by immunoadsorp-
tion; APNHS, PNHS heated at 56°C for 30 minutes; MgEGTA-PNHS, PNHS
treated with 10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM
MgCl2; C2dHS, C2 deficient human serum; MgEGTA-HSj_.3, hypogammaglobu-
linemic sera treated with 10 mM EGTA and 10 mM MgCly. The concentra-
tion of sera used in the reaction mixtures was 5%. The points
represent mean values of 1 to 4 determinations, and each vertical bar
represents the standard error of the mean.
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Figure 38. Opsonic activity of increasing concentrations of pooled normal human
serum for K. pneumoniae (B). Abbreviations used were as follows: W,
polymorphonuclear leukocytes; PNHS, pooled normal human serum. The
points represent mean values of 2 to 3 determinations, and each

vertical bar represents the standard error of the mean.
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Figure 39. Opsonic activity of increasing concentrations of pooled normal human
serum for K. pneumoniae (H). Abbreviations used were as follows:
W, polymorphonuclear leukocytes; PNHS, pooled normal human serum.
The points represent mean values of 2 determinations, and each
vertical bar represents the standard error of the mean.
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Figure 40. Comparisons of the opsonic activities of normal human sera and sera
depleted of immunoglobulin and/or classical pathway activity for S.
marcescens (W). Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum; Ni-3» individual
normal sera; HS).3, individual hypogammaglobulinemic sera; HS-A,
hypogammaglobulinemic serum further depleted of IgG by immunoadsorption;
APNHS, PNHS heated at 56°C for 30 minutes; MgEGTA-PNHS, PNHS treated
with 10 mM ethylene glycol tetra-acetic acid (EGTA) and 10 mM MgCl,;
C2dHS, C2 deficient human serum; MgEGTA-HS]_3, hypogammaglobulinemic
sera treated with 10 mM EGTA and 10 mM MgCl;. The concentration of
sera used in the reaction mixtures was 5%. The points represent mean
values of 1 to 4 determinations, and each vertical bar represents the
standard error of the mean.
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Comparisons of the opsonic activities of normal human serum and sera
depleted of immunoglobulin and/or classical pathway activity for S.
marcescens (S). Abbreviations used were as follows: W, polymorpho-
nuclear leukocytes; PNHS, pooled normal human serum; HS]-3, individu-
al hypogammaglobulinemic sera; HS-A, hypogammaglobulinemic serum
further depleted of 1gG by immunoadsorption; APNHS, PNHS heated at
56°C for 30 minutes; MgEGTA-PNHS, PNHS treated with 10 mM ethylene
glycol tetra-acetic acid (EGTA) and 10 mM MgCl2; C2dHS, C2 deficient
human serum; MgEGTA-HS]1-3, hypogammaglobulinemic sera treated with
10 mM EGTA and 10 mM MgCl. The concentratiop of sera used in the
reaction mixtures was 5%. The points represent mean values of 2 to

4 determinations, and each vertical bar represents the standard
error of the mean.
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b. Discussion

The requirements for immunoglobulin and the classical and alter-
native complement pathways for phagocytosis and intracellular killing of the
test strains by PMNs are summarized in Table 11. All of the strains were
phagocytosed and killed intracellularly only in the presence of serum and PMNs,
and not by either alone. In addition, none of the strains was phagocytosed by
PMNs in the absence of complement, as evidenced by the inability of decomple-
mented PNHS to promote phagocytosis. Seven of the thirteen microorganisms
included in this study demonstrated a requirement for immunoglobulin for phago-
cytosis, and utilized only the classical complement pathway {or some other Catt
or C2 dependent pathway, such as the Cl bypass (72)}. Three of the microorgan-
isms required immunoglobulin for phagocytosis and utilized both the classical
and alternative pathways. Two of the microorganisms required minimal immuno-
globulin, if any, and utilized the classical pathway for phagocytosis. One of
the microorganisms did not require immunoglobulin for phagocytosis, and utilized
both complement pathways.

It is well known that antibacterial antibodies can trigger the sequential
activation of the classical pathway, and this process was probably operative
in opsonization of the first group of microorganisms. The role of immunoglobu-
lin in opsonization of those microorganisms which utilized the alternative as
well as the classical complement pathway is uncertain. Available evidence
indicates that activation of the alternative pathway by inulin or zymosan occurs
in the absence of immunoglobulin (19). Lysis of Trypanosoma cyclops (58) and
rabbit erythrocytes (59) has also been shown to occur via the alternative path-
way without a requirement for conventional antibodies. In contrast, IgG has
been shown to participate in lysis of measles virus infected cells via the
alternative pathway (60). Additionally, immunoglobulin was shown to be required
for bacteriolysis of E. coli via the alternative pathway in bovine serum (73).

It has been hypothesized that the alternative complement pathway may repre-
sent a mechanism for the activation of immune defenses when sufficient quantities
of antibody are not available for activation of the classical pathway (73). It
is interesting that none of the microorganisms tested in our study utilized
only the alternative pathway in the absence of immunoglobulin or could be forced
to utilize the alternative pathway during phagocytosis in sera depleted of both
immunoglobulin and classical pathway activity.

The observation that classical pathway utilization could occur in the ab-
sence of immunoglobulin during the opsonic process has not been previously
reported. Loos et al. (50) and Morrison and Kline (51) have provided evidence
to suggest that the lipid A moiety of lipopolysaccharides can interact directly
with the Clq subunit of Cl to initiate classical pathway activation in the ab-
sence of immunoglobulin. The results of our study suggest that this mechanism
may be operative during opsonization of certain gram-negative aerobic micro-
organisms.

The minimal concentration of PNHS required to promote maximal phagocytosis
and intracellular killing by PMNs was found to vary among the test strains.
Eight of the microorganisms required 57 PNHS, and three microorganisms required
10% PNHS for optimal phagocytosis. The other two microorganisms, isolates of
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Table 11.
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K. pneumoniae, were phagocytosed only when the concentration of PNHS was in-
creased to 207 or 307%. This observation indicated that the level of opsonins
required for effective phagocytosis by PMNs varied quantitatively with differ-
ent strains of bacteria, even within the same species. This interpretation is
in agreement with the concept of a quantitative variability of opsonic require-
ments for optimal phagocytic killing of bacteria, which was recently presented
by Guckian et al. (75).

Opsonic requirements for phagocytosis of different strains within the same
gram-positive species have been recently investigated. Four S. pneumoniae
serotypes were shown to be phagocytosed in hypogammaglobulinemic serum, but to
varying degrees of efficiency (76). Similarly, all four serotypes could be
phagocytosed to some extent in human serum treated with ECTA and MgCl) and in
C2 deficient serum. A heterogeneity of opsonic requirements among strains of §S.
aureus has also been reported (52). Two strains were shown to be phagocytosed
in hypogammaglobulinemic serum, and were only slightly phagocytosed via the
alternative complement pathway. A third strain demonstrated a requirement for
immunoglobulin, and efficient phagocytosis proceeded via the alternative path-
way. 1t was proposed that the heterogeneity among S. aureus strains might be
related to the presence or absence of the protein A moiety, which could prefer-
entially activate the classical complement pathway via non-specific interaction
with the Fc fragment of 1gG.

Our data support the observations that a heterogeneity of opsonic require-
ments exists among different strains of the same species, not only among gram-
positive microorganisms as discussed above, but among gram-negative aerobic
microorganisms as well. 1In our study, the test strains isolated from burned
patients did not demonstrate a unique pattern of opsonic requirements, in com-
parison to the same species isolated from medical patients. Rather, a hetero-
geneity of opsonic requirements for all strains was demonstrated.

Recently, Peterson et al. investigated the resistance of encapsulated S.
aureus strains to phagocytosis by PMNs (77). The opsonic requirements between
encapsulated and non-encapsulated strains were shown to differ. The presence of
a capsule was shown to interfere with opsonization via the classical or alterna-
tive complement pathways and with opsonization by heat-stable factors. It was
proposed that a capsule might interfere with S. aureus opsonization by covering
cell wall peptidoglycan, the portion of the cell wall in which immunological
specificity resides. It is interesting to speculate that one of the factors
contributing to the differences in opsonic requirements among the test strains

in our study might be the presence or absence of capsular material.

One of the most important questions remaining to be answered regards the
role of immunoglobulin in the opsonic process. 1f immunoglobulin is required
for effective phagocytosis, as was demonstrated for most of the hacterial strains
used in our study, then is it required for activation of the alternative and/or
classical complement pathways, or for other steps in the opsonic process (or
for a combination of both)? The next section of this report addresses this
question by examining the ability of the test strains to activate the classical
and alternative pathways in sera containing various immunoglobulin levels.
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of the alternative complement pathway by gram-negative aerobic micro-
organisms

a. Results

In the preceding section of this report (Cl), the requirements for
immunoglobulin and the alternative and classical complement pathways for phago-
cytosis and intracellular killing of gram-negative aerobic microorganisms were
determined. Most of the microorganisms required immunoglobulin and utilized
the alternative and/or classical pathway during the opsonic process. Other
microorganisms did not require immunoglobulin for phagocytosis and utilized the
alternative and/or classical pathway. None of the microorganisms utilized the
alternative pathway in the absence of immunoglobulin. The demonstration of a
requirement for immunoglobulin for phagocytosis when the alternative complement
pathway was utilized led us to investigate the role of immunoglobulin in the
opsonic process. The purpose of the present investigation was to determine if
immunoglobulin was required for activation of the alternative complement path-
way or for other steps in the opsonic process.

The same microorganisms used in our previous study were tested for their
ability to convert C3 and to initiate C3 to C9 consumption in human sera de-
pleted of classical complement pathway activity and/or immunoglobulin. Sera
were identical to those previously used. Washed heat-killed bacterial cells
in saline at a final concentration of 1.0 x 109 cells/ml were incubated in sera
for one hour at 37°C. The cells were deposited by centrifugation, and C3
conversion and C3 to C9 consumption were determined. C3 conversion was measured
by reduction in the B antigenic determinant of C3 by radial immunodiffusion, and
C3 to C9 consumption was measured by a standard hemolytic method using EACI4
cells and purified human C2. Saline was substituted for the activating sub-
stances in the controls. Statistical analyses were performed by the unpaired
Student t test.

Conversion of C3 by the microorganisms in hypogammaglobulinemic serum (HS)
was not significantly different from C3 conversion in pooled normal human serum
(PNHS), with the exception of E. coli (P) and (H), P. mirabilis (H), K. pneu-
moniae (W), and S. marcescens (W) and (S) which converted C3 to a lesser extent
in HS than in PNHS (Table 12). C3 conversion by all of the microorganisms in
HS further depleted of IgG by immunoadsorption (HS-A) was significantly de-
creased, in comparison to C3 conversion in PNHS. In contrast, inulin converted
C3 equivalently in PNHS, HS, and HS-A. All of the microorganisms initiated
C3 to C9 consumption in HS equivalent to, or slightly higher than in PNHS; the
microorganisms initiated C3 to C9 consumption in HS-A to a lesser extent than in
PNHS (Table 13). These results indicated that immunoglobulin was required for
optimal complement activation by the microorganisms. In contrast, immunoglobu-
1lin was not required for complement activation by inulin.

The ability of the microorganisms to convert C3 in sera depleted of immuno-
globulin and/or classical pathway activity was next investjgated. All of the
microorganisms converted C3 in PNHS treated with 10 mM ethylene glycol tetra-
acetic acid (EGTA) and 10 mM MgCl, (MgEGTA- PNHS) equivalent to that in untreated
PNHS, with the exception of E. coli (A), (P), and (H), and S. marcescens (S)
which demonstrated slightly lower C3 conversion in MgEGTA-PNHS (Table 14). No

90




Table 12. C3 Conversion by Heat-Killed Gram-Negative Bacteria in
Pooled Normal Human Serum (PNHS), Hypogammaglobulinemic Serum (HS),

and HS Further Depleted of 1gG by Immunoadsorption (HS-A)

C3 Conversion (%)€

Activatingd B

Substance PNHS HS HS-A
Inulinb 59.4 53.3 56.2
E. coli (a)d 46.7 38.8 91,3
E. coli (F)4 46.0 40.8 19.8
E. coli (p)d.e 57.8 46.0 36.7
E. coli (H)d.e 52.8 42.0 11:5
P. mirabilis (H)d,e 50.3 36.5 17.0
P. mirabilis (A)9 46.0 39.3 12.5
P. mirabilis (c)d 50.3 41.5 13.5
K. pneumoniae (Wo)d 52.0 48.3 29.8
K. pneumoniae (W)d,e 59.3 49.3 29.7
K. pneumoniae (B)d 45.0 45.3 25.0
S. marcescens (W)dsr€ 70.3 55.3 55.3
S. marcescens (S)d,e 64.8 41.0 33.2

aFinal concentration of bacteria was 1.0 x 109 cells/ml.
brinal concentration of inulin was 10 mg/ml.

CMean values of 2 to 6 determinations are presented.
dpNHS vs. HS-A; p = < 0.05.

€PNHS vs. HS; p = < 0.05.
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Table 13. C3 to C9 Consumption by Heat-Killed Gram-Negative Bacteria

in Pooled Normal Human Serum (PNHS), Hypogammaglobulinemic Serum (HS),

" and HS Further Depleted of IgG by Immunoadsorption (HS-A)

C3 to C9 Consumption

a (%)<
Activating el L ST L PR, i L I e 1 A Tl 1

Substance PNHS HS HS-A
Inulinb 83 92 90
E. coli (A) 72 92 52
E. coli (F) 60 92 57
E. coli (P) 91 93 65
E. coli (H) 68 92 9.5
P. mirabilis (H) 71 92 10
P. mirabilis (A) 92 92 20
P. mirabilis (C) 92 92 10
K. pneumoniae (Wo) 92 92 71
K. pneumoniae (W) 92 92 62
K. pneumoniae (B) 72 92 48
S. marcescens (W) 92 92 90
S. marcescens (S) 91 93 90

afFinal concentration of bacteria was 1.0 x 109 cells/ml.
bFinal concentration of inulin was 10 mg/ml.

Cvalues from one determination are presented.
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Table 14. C3 Conversion by Heat-Killed Gram-Negative Bacteria in Sera

Depleted of Classical Pathway Activity and/or Immunoglobulin

MgEGTA-
HS&

MgEGTA-

Activating?

Substance PNHSY PNHS®
Inulinb 59.4 60.0
E. coli (a)J 46.7 35.3
E. coli (F) 46.0 36.0
E. coli (P)J 57.8 46.7
E. coli (H)J 52.8 42.0
P. mirabilis (H) 50.3 40.7
P. mirabilis (A) 46.0 38.0
P. mirabilis (C) 50.3 44 .3
K. pneumoniae (Wo) 52.0 46.0
K. pneumoniae (W) 59.3 55.0
K. pneumoniae (B) 45.0 44.3
S. marcescens (W) 70.3 70.7
S. marcescens (S)j 64.8 54.3

C3 Conversion (%)¢

usf

53.

38.
40.
46.
42.

36.
39.
41.

48,
49.
45.

55.
41.

3

OO ®™®

w o

3
3
3

3
0

52.0

41.
44,
43.
39.

38.

Lo N

o

38.8

39.

42.
46.
39.

49.
43,

MgEGTA-

HS-AY HS-Al
53.3 52.7
18.0 19.0
16.0 17.0
32.3 24.6
i%:5 21.3
23.0 24,5
24.0 22.5
32.0 24.0
24.0 13.0
25.0 20.5
19.0 26.5
31.3 34.7
29.7 27.0

aFinal concentration of bacteria was 1.0 x 109 cells/ml.

brinal concentration of inulin was 10 mg/ml.

CMean values of 2 to 6 determinations are presented.

dpNHS = pooled normal human serum.

©MGEGTA-PNHS = PNHS treated with 10 mM EGTA and 10 mM MgCls.

fus = hypogammaglobulinemic serum.

sMgECTA-HS = HS treated with 10 mM EGTA and 10 mM MgClZ.

hys-A = HS further depleted of IgG by immunoadsorption.

IMGEGTA-HS-A = HS-A treated with 10 mM EGTA and 10 mM MgCl,.

IPNHS vs. MGEGTA-PNHS; p = < 0.05.
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significant differences in C3 conversion by the microorganisms were demonstra-
ted in HS and HS treated with 10 mM EGTA and 10 mM MgCl; (MgEGTA-HS), or in
HS-A and HS-A treated with 10 mM EGTA and 10 mM MgCl); (MgEGTA-HS--A). Inulin
converted C3 equivalently in all treated and untreated sera. No differences

in C3 to C9 consumption by the microorganisms or inulin were demonstrated in
PNES and MgEGTA~PNHS, or in HS and MgEGTA-HS (Table 15). These results indi-
cated that all of the microorganisms were capable of efficiently activating
complement via the alternative pathway, and that the requirement for immuno-
globulin was minimal or non-existent for alternative complement pathway activa-
tion.

b. Discussion

Available evidence regarding the immunoglobulin requirement for
alternative pathway activation has indicated that the requirement differs
according to the activating substance. Activation of the alternative comple-
ment pathway by inulin or zymosan appears to occur in the absence of immuno-
globulin (19). Lysis of Trypanosoma cyclops (58) and rabbit erythrocytes (59)
via the alternative pathway has been shown to occur without a requirement for
antibodies. In contrast, immunoglobulin has been shown to parti-~ipate in
lysis of measles virus infected cells via the alternative pathway (60). In
addition, immunoglobulin was shown to be required for bacteriolysis of E.
coli via the alternative pathway in bovine serum (73). The results of our
investigation indicated that optimal complement activation by the gram-nega-
tive microorganisms required immunoglobulin, suggesting that classical pathway
activation was involved. However, immunoglobulin was not shown to be required
for alternative pathway activation by the microorganisms.

Although all of the microorganisms used in our study were shown to be
capable of activating the alternative complement pathway when added directly
to human sera, only four of the 13 microorganisms utilized the alternative path-
way during phagocytosis. One explanation for this observation is that the
opsonic products derived via alternative pathway activation were less efficient
in promoting phagocytosis, in comparison to products derived via classical
pathway activation. Another hypothesis is suggested by the recently published
data of Fearon and Austen (67). These investigators demonstrated that zymosan
and rabbit erythrocytes provided privileged sites that protected C3b deposited
on their surfaces during alternative pathway activation from the action of the
regulatory proteins C3b inactivator (C3b INA) and BlH. Zymosan and rabbit
erythrocytes thereby allowed transition from low grade C3 cleavage to the am-
plification stage of C3 cleavage during alternative pathway activation. If this
mechanism was involved in alternative pathway activation by the microorganisms,
protective sites on the microbial surface might become altered during the
phagocytic event. If this happened, utilization of the alternative pathway
during phagocytosis of the microorganisms would not be demonstrated.

Our results also suggested that immunoglobulin was not required during
phagocytosis for altering the microbial surface to protect C3b deposited by
alternative pathway activation from the action of C3b INA and flH. Immunoglobu-
lin was not shown to be required for alternative pathway activation by the
bacteria, and therefore must be required for other steps in the opsonic process.
For example, immunoglobulin may be required for phagocytic uptake of the micro-
organisms. Mantovani (78) and more recently, Ehlenberger and Nussenzweig (79)
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Table 15. C3 to C9 Consumption by Heat-Killed Gram~-Negative Bacteria

in Sera Depleted of Classical Pathway Activgﬂxrand/or lmmunqglnbulin

Cj to C9 Consumption (/)(
Activating?@ MgEGTA- : MthTA

Substance pNis” PNHS® Hsf HSE
Inulinb 83 81 92 91
E. coli (A) 72 73 92 91
E. coli (F) 60 63 92 91
E. coli (P) 91 81 93 90
E. coli (H) 68 70 92 91
P. mirabilis (H) 71 69 92 91
P. mirabilis (A) 92 92 92 91
P. mirabilis (C) 92 85 92 87
K. pneumoniae (Wo) 92 93 92 91
K. pneumoniae (W) 92 90 92 91
K. pneumoniae (B) 72 90 92 91
S. marcescens (W) 92 92 92 91
S. marcescens (S) 91 94 93 90

4Final concentration of bacteria was 1.0 x 102 cells/ml.
brinal concentration of inulin was 10 mg/ml.

Cvalues from one determination are presented.

dpNHS = pooled normal human serum.

MgEGTA-PNHS = PNHS treated with 10 mM EGTA and 10 mM MgCljp.
fus = hypogammaglobulinemic serum.

BMgEGTA-HS = HS treated with 10 mM EGTA and 10 mM MgCl,.
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have demonstrated separate but synergistic roles for 1gG and C3b in erythro-
phagocytosis; IgG was required for ingestion of erythrocytes by polymorphonu-
clear leukocytes, whereas C3b was required for attachment. It has also been
demonstrated that PMNs increased their oxidative metabolism upon binding to
C3-coated Sepharose beads, without requiring the presence of 1gG (80). However,
degranulation and release of lysosomal enzymes occurred only when the PMNs
encountered C3 in the presence of IgG. It could perhaps be speculated that

IgG might facilitate lysosomal fusion and the subsequent release of digestive
enzymes into the phagolysosome, thereby increasing intracellular killing of

the microorganisms.

3. Studies to determine the mechanisms of complement activated Qy Lgp poly-

a. Results

In our previous studies, intact cells of gram-negative aerobic
bacilli were shown to be capable of activating the alternative complement
pathway (53). Efficient alternative pathway activation was achieved utilizing
washed heat-killed cells of Escherichia coli 075, Proteus mirabilis 7056, Pseudo-

monas aeruginosa 73044, and §g}@9nplla minnesota S form (SF1114). S. minnesota
chemotype Rb which lacks the O antigen and acetylglucosamine attached to the
terminal glucose but contains the rest of the basal core and S. minnesota
chemotype Re which contains only KDO and lipid A were not found to be as effi-
cient as the other gram-negative bacilli in activating the alternative pathway.
These microorganisms were, however, highly active in initiating classical path-
way activation. These results provided preliminary evidence to suggest that
the polysaccharide moiety of the lipopolysaccharide (LPS) activated the alter-
native complement pathway, and the lipid A moiety activated the classical path-
way. The purpose of the present investigation was to determine if our results
concerning the moieties of the bacterial cell wall involved in activation of
the classical and alternative pathways could be confirmed utilizing purified

lipid A and LPS prepared from our test strains.

LPS and 1lipid A were prepared from E. coli 075, P. mirabilis 7056, P. aeru-
ginosa 73044, S. minnesota SF1114, and E. coli (A), a strain isolated from the
blood culture of a burned | patient. Since there is evidence that the method of
purification of the cell wall components may influence their biological activi-
ties (49,50). LPS was prepared by phenol-water extraction and tested before and
after RNAse treatment. In addition, lipid A was prepared by hydrolysis with two
different acids. LPS was extracted by the phenol water method of Westphal and
Jann (81). The water extracts were precipitated by 2.5 volumes of ethanol, and
the precipitate was deposited by centrifugation after 18 hours at 4°C. The
preparation was dissolved in water and lyophilized; this preparation was desig-
nated LPS-1. LPS~1 was further purified by treatment with RNAse (82). Twenty
mg per ml of LPS-1 in 0.01 M phosphate buffered saline, pH 7.0, was 1incubated
for 1 hour at room temperature with RNAse (final concentration of 25 ug/ml).
This solution was dialyzed extensively at 4°C against the same buffer and
lyophilized. This preparation was designated LPS-2. LPS-1 and LPS-2 prepara-
tions were redissolved in 0.01 M phosphate buffered saline, pH 7.0, prior to
use. Lipid A-1 was prepared from LPS-1 after hydrolysis in 0.05 N HCl at 100°C

for 1 hour (82). Lipid A-2 was prepared from LPS-1 after hydrolysis in 1%
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glacial acetic acid at 100°C for 2 hours (51). All lipid A preparations were
washed twice with distilled water, solubilized with 17 triethylamine in phos-
phate buffered saline, and sonicated prior to use (83).

Increasing concentrations of LPS and 1lipid A prepared from the microorgan-
isms were added to pooled normal human serum (PNHS) and normal guinea pig serum
(NGPS), and C3 to C9 consumption was measured (84). Controls for the experi-
ments were PNHS or NGPS treated with phosphate buffered saline or phosphate
buffered saline containing 17 triethylamine. No consumption of C3 to C9 was
achieved until the preparations were added at final concentrations of 1 mg/ml
or greater. Therefore, in the experiments to be described, the preparations
were used at final concentrations of 1 mg/ml and 5 mg/ml respectively.

Washed heat-killed bacterial cells, LPS, and 1ipid A prepared from the micro-
organisms were compared for their ability to initiate C3 to C9 consumption in
untreated PNHS and in PNHS treated with 10 mM ethylene glycol tetra-acetic
acid (EGTA) and 10 mM MgClp (MgEGTA-PNHS). Treatment of PNHS with EGTA and
magnesium ions was used to block classical pathway activity as described in
sectionc €l and C2 of this report. LPS-1 prepared from all of the microorgan-
isms was as efficient as heat-killed (4) cells in initiating C3 to C9 consump-
tion in untreated PNHS (Table 16). LPS-2 was less efficient than LPS-1 in
activating C3 to C9 in PNHS. No consistent differences were observed between
the abilities of 1lipid A-1 and lipid A-2 to initiate C3 to C9 consumption in
PNHS, although all preparations were less efficient than LPS-1. C3 to C9Y con-
sumption by all of the activating substances was reduced in MgEGTA-PNHS. 4
cells and LPS-1 preparations were the most efficient activating substances in
initiating C3 to C9 consumption in MgEGTA-PNHS.

Similar results were obtained when C3 to C9 consumption by the activating
substances in NGPS and C4 deficient guinea pig serum (C4dGPS) was determined.
With the exceptions of E. coli (A) and P. mirabilis 7056, LPS-1 preparations
were as efficient or more efficient than A cells in initiating C3 to C9 con-
sumption in NGPS (Table 17). LPS-2 preparations were less efficient than LPS-1
preparations in initiating C3 to C9 consumption in NGPS. LPS 2 prepared from
P. mirabilis 7056 and S. minnesota SF 1114 initiaced C3 to C9 consumption in
NGPS unly at concentrations of 5 mg/ml, and LPS-2 prepared from E. coli (A) had
no anticomplementary activity at this concentration. No consistent “differences
between lipid A-1 and 1lipid A-2 preparations were observed, however all lipid
A preparations were equally or less efficient than LPS-1 preparations in initi-
ating C3 to C9 consumption in NGPS. C3 to C9 consumption by all of the activa-
ting substances was markedly reduced in C4dGPS. A cells of E. coli A and P.
mirabilis 7056 were the only activating substances that efficiently initiated
consumption of C3 to C9 in C4dGPS (> 31%). C3 to CY consumption by inulin and
cobra venom factor was 557 and 777 respectively, indicating that the alternative
complement pathway was intact in C4dGPS. 1In addition, purified guinea pig Cé4
was shown to restore lysis of sensitized erythrocytes in C4dGPS, indicating that
only C4 was deficient in the serum.

b. Discussion

The LPS cell wall component of gram-negative aerobic bacilli has
been repeatedly shown to be anticomplementary (46-51,85-90). Evidence has been
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Table 16. Consumption of C3 to C9 by Heat-Killed Bacteria, Lipopolysaccharide (LP5)
and Lipid A in PNHSA and MgEGTA-PNHSD

C3 to C9 Consumption (%)€

PNHS MgEGTA-PNHS
Microorganism Preparation Tested i mg/mld 5 mg/mld 1 mg/m1d 5 mg/m}a
E. coli 075 Heat-killed (4) cells® 74 64
Lps-1£.8 93 92 24 81
Lps-28,h 57 40 16 32
Lipid A-11»J 32 40 16 8
Lipid A-23-k 30 30 4 8
E. coli (A) b cells 94 84
LPS-1 94 93 24 81
LPS-2 49 39 12 19
Lipid A-1 45 41 32 38
Lipid A-2 52 43 8 23
P. aeruginosa 4 cells 97 80
73044 LPS-1 97 65 21 51
LPS-2 57 62 26 38
Lipid A-1 46 48 4 8
Lipid A-2 38 48 0 0
P. mirabilis 4 cells 92 84
7056 LPS-1 46 92 16 77
LPS-2 32 66 12 44
Lipid A-1 32 41 8 16
Lipid A-2 34 68 46 39
S. minnesota 4 cells 94 84
SF1114 LPS-1 94 93 26 81
LPS-2 53 39 16 )
Lipid A-1 55 48 0 12
Lipid A-2 48 21 0 0

3pNHS = pooled normal human serum.

ngEGTA—PNHS = pooled normal human serum treated with 10 mM EGTA and 10 mM MgCljp.
Cvalues of single determinations are presented.

dFinal concentrations of LPS and lipid A tested in the assays.

€yashed bacterial cells heat-killed at 70°C for 1 hour were tested at a final
concentration of 1.0 x 109 cells/ml.

fLps-1 was phenol-water extracted ethanol precipitated LPS prior to RNAse treatment.

8C3 to C9 consumption was calculated using phosphate buffered saline treated PNHS
or MgEGTA-PNHS as the control.

hips-2 was phenol-water extracted ethanol precipitated LPS after RNAse treatment.
1Llpid A-1 was prepared by acid hydrolysis with HCl.

ic3 to ¢9 consumption was calculated using PNHS or MgEGTA-PNHS treated with phos-
phate buffered saline containing 1% triethylamine.

kLlpid A-2 was prepared by acid hydrolysis with glacial acetic acid.
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Table 17. Consumption of C3 to C9 by Heat-Killed Bacteria, Lipopolysaccharide (LPS)
and Lipid A in NGPS3 and C4dGpsP

ST im0 e W |l T 1 ol €3 to CY Consumption (%)€

NGPS C4dGPS
Microorganism Preparation Tested 1 mg/m1d 5 mg/mld 1 mg/mld 5 mg/ml1d
E. coli 075 Heat-Killed () cells® 80 17
Lps-1£.8 88 96 5.7 4.9
LPs-28:0 68 68 1.4 0
Lipid A-11+J 67 83 0 0
Lipid A-21:K 66 68 7.5 0
E. coli (A) b cells 91 59
LPS-1 51 46 3.1 9.2
LPS-2 0 0 1.5 6.2
Lipid A-1 68 65 6.1 3.8
Lipid A-2 56 68 2.3 5.9
P. aeruginosa A cells 87 35sl8
73044 LPS-1 78 91 0 0
LPS-2 67 68 0 0
Lipid A-1 68 64 13.8 3.3
Lipid A-2 40 37 4.9 8.1
P. mirabilis 4 cells 91 32
7056 LPS-1 A 83 5 2
LPS-2 0 40 0 0
Lipid A-1 69 75 13,5 31.1
Lipid A-2 81 88 25.5 25 .4
S. minnesota A cells 75 9.1
SF1114 LPS-1 96 99 0 2.9
LPS-2 0 A 0 2
Lipid A-1 77 73 0 0
Lipid A-2 75 67 0 0

4NGPS = normal guinea pig serum.

be4dcrs = C4 deficient guinea pig serum.

CValues of single determinations are presented.

drinal concentrations of LPS and lipid A tested in the assays.

eWashed bacterial cells heat-killed at 70°C for 1 hour were tested at a final
concentration of 1.0 x 109 cells/ml.

fLPS—I was phenol-water extracted ethanol precipitated LPS prior to RNAse treatment.

8C3 to €9 consumption was calculated using NGPS or C4dGPS treated with phosphate
buffered saline.

hLpS-2 was phenol-water extracted ethanol precipitated LPS after RNAse treatment.
1Lipid A~1 was prepared by acid hydrolysis with HCl.

Je3 to c9 consumption was calculated using NGPS or C4dGPS treated with phosphate
buffered saline containing 1% triethylamine.

kLlpid A~2 was prepared by acid hydrolysis with glacial acetic acid.
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provided to support the concept that LPS is capable of activating complement by
a Cl42~independent mechanism (47,48,86-88). More recently, several investipgators
have shown that LPS activates the classical as well as the alternative comple-
ment pathway (49,51,89,90). The primary objective of several of these investi-
gations was to determine the moiety of the LPS which was responsible for its
anticomplementary activity (49,51). Galanos et al. (49) demonstrated that LPS
prepared from Salmonella and E. coli S and R mutant strains by extraction with
phenol-water or phenol-chloroform-petroleum ether varied in their ability to
reduce total hemolytic complement in normal guinea pig serum. Lipid A prepared
by glacial acetic acid hydrolysis from both active and non-active LPS prepara-
tions was, however, strongly anticomplementary when made water-soluble by the
aid of carriers; however, 1ipid A solubilized by triethylamine or pyridine had
no anticomplementary activity. Morrison and Kline (51) showed that lipid A
prepared from S. typhimurium R60 LPS by glacial acetic acid hydrolysis and
solubilized in triethylamine and LPS prepared from S. minnesota chemotype Re
were more efficient on a weight basis in reducing total hemolytic complement in
normal human sera than commercially prepared or phenol-water extracted LPS from
smooth strains of E. coli. Consumption of early components (Cl, 4, and 2) by

S. minnesota chemotype Re LPS was greater than by the E. coli LPS preparations.
The capacity of S. minnesota chemotype Re LPS to convert C3 in PNHS was com-
pleted abbrogated in C2 deficient human serum, whereas C3 conversion by E. coli
LPS in PNHS and C2 deficient serum was equivalent. The investigators concluded
from these observations that the ability of LPS to activate the classical path-
way was a function of the lipid A moiety, and that the polysaccharide region was
responsible for alternative pathway activation. In addition to these investiga-
tions, Loos et al. showed that lipid A interacts directly with the Clq subunit
of C1 to inhibit {its ability to form C3 convertase activity with purified C4 and
C2 (50).

In the studies which have been described above (46-51,81-90). LPS was
prepared from the bacterial strains by phenol-water extraction or phenol-chloro-
form-petroleum ether extraction, and RNA was not removed from the preparations.
Leive et al. have shown that phenol-water extracted LP5 contains approximately
50% contaminating RNA (82). Purification of LPS by fractionation on Sepharose
4B, as was performed in the experiments of Morrison and Kline (51), would only
remove RNA which was not complexed to LPS. 1In our experiments, RNA appeared to
play a definite role in the anticomplementary activity of LPS, because removal
of RNA by treatment of LPS with RNAse either markedly reduced or completely
abolished the ability of the LPS preparation to initiate C3 to C9 consumption.
In addition, lipid A prepared by hydrolysis with two different acids and solu-
bilized in triethylamine was not found to be more efficient on a weight basis
in activating complement than phenol-water extracted LPS prior to RNAse treat-
ment. Lipid A was as efficient on a weight basis as phenol-water extracted
RNAse treated LPS in inftiating C3 to C9 consumption in normal human serum, and
wag only slightly more efficient in activating terminal components in normal
guinea pig serum.

Phenol-water extracted LPS after removal of contaminating RNA was markedly
less efficient than heat-killed intact cells in activating terminal complement
components in either human or guinea pig serum. This observation suggested that
the ability of the heat-killed bacterial cells to activate complement was not
solely dependent on the LPS or lipid A in the bacterial cell wall, or that the
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procedures for removal of LPS and lipid A from the bacterial cells altered
their anticomplementary activities.

Phenol-water extracted LPS preparations before or after RNAse treatment
were more efficient than lipid A preparations in activating the alternative
complement pathway in human serum. However, all of the preparations activated
terminal components in normal human serum much more efficiently than in human
serum lacking classical pathway activity. These results suggested that lipid A
could only activate the classical or another calcium dependent pathway in human
serum, and that LPS activated the classical as well as the alternative pathway.
However wutilizing C4 deficient guinea pig serum, neither LPS nor lipid &
preparations consumed terminal complement components, suggesting that lipid A
and LPS were incapable of activating the alternative pathway in this serum.

The results could be explained by the lack of antibody to LPS or lipid A in the
C4 deficient guinea pig serum, since intact heat-killed bacterial cells also
did not activate terminal components in this serum as efficiently as in normal
guinea pig serum. This concept is further supported by the observation that
intact cells activated the alternative pathway in pooled normal humzn serum
which contained naturally occurring anti-bacterial antibodies.

In summary, the results of our investigation indicated that purified lipid
A and LPS activated terminal complement components in normal human or guinea
pig sera equally efficiently, and that there were other heat-stable components
on the bacterial cell surface with anticomplementary activity. LPS appeared
to be capable of activating the alternative and classical pathways, whereas
lipid A appeared to be capable of efficiently activating only the classical path-
way. This finding is in agreement with the observations of Morrison and Kline
who showed that LPS converted C3 in C2 deficient human serum, but that lipid A
did not (5]1), In addition, the results of the present investigation support
our earlier observations using intact heat-killed cells of S. minnesota mutant
strains which showed that chemotype S was a more efficient activator of the
alternative pathway than chemotypes Rb or Re (53). Our future studies will be
focused on substantiating the preliminary observations in this investigation
and on determining the requirement for immunoglobulin for consumption of the
classical and/or alternative pathways by purified LPS and 1lipid A.

4. In vitro interaction of human polymorphonULlear leukocytes and serum

with eraxns of Candida albicans

a. Results

In our previous studies, strains of Candida albicans isolated from
burned patients were shown to be resistant to the ‘bactericidal activity of human
polymorphonuclear leukocytes (PMNs), even in the presence of excessive concen-
trations of normal human serum (Annual Summary Report, June, 1977). The
present investigation was undertaken to determine if strains of C. albicans

isolated from burned patients were unique in terms of their inability to be
killed intracellularly by PMNs.

The interaction of human PMNs and pooled normal human serum (PNHS) with C.

albicans strains i{solated from burned patients, medical patients, and other
sources was compared. Strains isolated from burned patients were obtained from
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the Shriners Burn Institute, Cincinnati, 0., and were designated CA-2, CA-13,
CA-14, CA-15, CA-S, CA-F, CA-Ke, and CA-Bo. The strains cited above were
isolated from blood (CA-F, CA-Ke) or from wound cultures (CA~2, CA-13, CA-14,
CA-15, CA-S, and CA-Bo). C. albicans strains isolated from medical patients
were obtained from the Central Ba(terioloby Laboratory of the Cincinnati
General Hospital, Cincinnati, 0. Two of the strains were isolated from blood
cultures (CA-W, CA-Ba), and the other strain was isolated from cerebral spinal
fluid (CA-Kn). Two additional C. albicans strains were purchased from the
American Type Culture Collection (Rockville, Md.), CA-~ATCC 28366 (human mouth
isolate) and CA-ATCC 28121 (stool specimen isolate). Medical patient isolates,
ATCC isolates, and CA-S, CA-F, CA-Ke, and CA-Bo were immediately transferred

to Sabouraud 27 dextrose broth, incubated at 37°C overnight, and frozen in
small aliquots at -709C. CA-2, CA-13, CA-14, and CA-15 had been repeatedly
subcultured prior to being obhtained, and after receipt were handled as described
for the other isolates. The frozen cultures were thawed, and 0.2 ml of each
was fnoculated into a tube containing 5 ml of Sabouraud 27 dextrose broth and
incubated at 379C overnight.

Reaction mixtures consisted of 5.0 x 106 PMNs, 1.0 x 106 C. albicans, and
PNHS (10%, 20%, 30%, 40%) in a final volume of 1 ml of Hank's balanced salt
solution (HBSS). HBSS was substituted for the PMNs, PNHS, or both in the
controls. Reaction mixtures and controls were rotated end over end for 120
minutes at 37°9C. Aliquots were diluted in distilled water at 0 time, 30, 60,
and 120 minutes and plated on Sabouraud 27 dextrose agar. The plates were
incubated at 379C overnight, and the colonies were enumerated. The results
are expressed in surviving colony forming units (cfu) per ml.

For two of the strains of C. albicans isolated directly from burned patients
(CA-S and CA-F), killing was maximal by PNHS in the absence of PMNs (Figure

42). For the other two strains (CA-Bo and CA-Ke), killing was maximal by PMNs
alone in the absence of PNHS. Killing of the C. albicans strains isolated from
burned patients and subcultured repeatedly in the laboratory was maximal in the
absence of serum or PMNs (CA-2, CA-14, and CA-15) or by PMNs alone (CA-13)
(Figure 43). For two of the three strains of £. albicans isolated from medical
patients, killing was maximal in the absence of PMNs or PNHS (CA-Kn and CA-Ba)

or in the presence of PMNs alone (CA-W) (Figure 44). Killing of CA-W was not
substantially improved by the addition of PNHS. Reduction in counts of all of
the strains described above, except those killed by PNHS alone, was under one
loy,. Addition of PNHS enhanced killing of the ATCC isolates by PMNs (Figure 45).
Maximal reduction in counts of C. albicans strains obtained from the ATCC was
approximately one log. 1In addition, direct killing of the strains by PNHS was
equivalent to killing of strains in the presence of HBSS alone.

b. Discussion

C. albicans infections are commonly observed in burned patients
and other cnmpromiﬂod hosts, constituting a significant mortality in this popu-
lation (91-96). Within invasive lesions, pseudohyphal and hyphal forms of
Candfda are more prominent than yeast forms (97) and must be cleared if the
host is to survive. Pseudohyphal and lLiyphal forms of Candida can be cleared in
at least some systemic infections in experimental animals (98) and in man (91-
96,99,100). Reproducible quantitative determinations of viable hyphae and pseu-
dohyphae have been difficult. Most in vitro studies have concentrated on the
ability of leukocytes to ingest and kill yeast forms. Such studies (101-105) as
well as the observed clinical association <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>